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FOREWORD 
This report  was  prepared  by  the  Research  Triangle  Institute, 
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"Feasibility  Study of Piezotransistor  Accelerometer". This work  was 
administered  under  the  directions of the  Instrument  Research  Division 
at  Langley  Research  Center  by  Mr.  John  Olivero  and  Mr.  Charles  Hardesty 
and  of  the  Office of Advanced  Research  and  Technology  Division  at  NASA 
Headquarters  by  Dr.  Wolfgang  Menzel. 
This  study  began  in  June  1964  and  was  concluded  in  October  1966. 
The  present  report  covers  the  period  from  September  1965  to  October 
1966. It was  performed  by  the  Solid  State  Laboratory of the  Research 
Triangle  Institute  under  the  general  direction of Dr.  R.  M.  Burger. 
While  Dr.  J.  J.  Wortman  was  the  project  engineer,  the  entire  technical 
staff  has  participated  to  some  degree  in  this  effort.  Specific  credits 
are  due  Dr.  J.  R.  Hauser, P. P. Rasberry,  R.  R.  Stockard, H. L. Honbarrier 
and  A. D. Brooks  for  their  invaluable  contribution to this  investigation. 
Thanks  are  also  due  Mr. T. 0. Finley  at  the  Langley  Research  Center  for 
his  aid  in  testing  the  accelerometers. 

ABSTRACT 
Techniques f o r   u t i l i z i n g   t h e   p i e z o j u n c t i o n   e f f e c t  
as  the  sensory  e lement  in  t ransducers  are discussed.  
A new technique  for  apply ing  the  pheonomenon ( s i l i c o n  
n e e d l e )  i n  a broad class of mechanical transducers has 
been developed and demonstrated in  seve ra l  t r ansduce r s .  
Par t icular  emphasis  w a s  placed on accelerometers where 
i t  w a s  shown tha t  devices  could  be  fabr ica ted  wi th  re- 
sonant  f requencies  greater  than 3 KC,capable of measuring 
ac  and dc accelerations i n  t h e  r a n g e  from f 1 g t o  
f 100 g. 
Several techniques were developed for providing 
a d ig i t a l  ou tpu t  fo r  t he  p i ezo junc t ion  senso r s .  
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Section I 
INTRODUCTION AND DISCUSSION 
The  purpose  of  this  study  has  been  to  determine  the  feasibility  of 
utilizing  the  piezojunction  effect  as  the  sensory  phenomenon in acceler- 
ometers  and  other  transducers.  The  present  report  is  concerned  primarily 
with  application  of  the  piezojunction  effect.  The  results  of  a  study  of 
the  physics  and an analytical  description  of  the  phenomena  has  already 
been  reported in NASA CR-275  (hereafter  referred  to  as I).
Since  the  discovery  that  mechanical  strain  could  induce  large  re- 
versible  changes  in  the  electrical  properties  of  p-n  junctions  (piezo- 
junction  effect),  there  has  been  much  interest  in  the  phenomenon  for 
possible  use  in  mechanical  transducers. 2-3 A variety of techniques  have 
been  used  to  induce  the  effect  in  p-n  junction  structures  and  to  observe 
the  phenomenon.  The  most  common  experiments  have  consisted of applying 
mechanical  force  into  or  near  the  junction  region  of  diodes  and  transistors 
by  means of a diamond  or  steel  indenter  point.  Changes  in  the  electrical 
properties  of  the  device  under  stress  are  typically  observed  by  holding 
the  applied  voltage  constant  and  observing  changes  in  the  device  current. 
For  example,  a  one  gram  load  applied  to  an  ordinary  diamond  phonograph 
needle  (radius of curvature  of  approximately 1 mil)  in  contact  with  the 
junction of a diode  can  cause  orders of magnitude  changes  in  diode  current. 
Indenter  points  are  used  because  one  of  the  requirements  for  producing  the 
piezojunction  effect  is  large  anisotropic  stresses,  greater  than  lo9  dynes/cm . 
Several  factors  make  the  piezojunction  phenomena  particularly  attrac- 
2 
tive  as  the  sensory  element  in  mechanical  transducers: (1) the  effect  is 
solid  state  and  as  such  is  compatible  with  modern  solid  state  techniques; 
(2) t he  sens ing  element is u l t r a - s m a l l  i n  s i z e  and weight and requires 
low power (3) it is sensitive; (4) it rep resen t s  a poss ib l e   i nc rease  
in  r e sonan t  f r equency  of an order  o f  magnitude o r  g rea t e r  ove r  p re sen t  de- 
vices; and (5) it responds  to   both s t a t i c  and  dynamic s t imuli .   Perhaps 
t h e  most unattractive f e a t u r e  is t h a t  a  new technology is needed f o r  t h e  
f a b r i c a t i o n  and app l i ca t ion  o f  such  senso r s  i n  p rac t i ca l  app l i ca t ions .  
For example, t h e  stress levels r equ i r ed  to  induce  the  e f f ec t  a r e  nea r  
t h e  f r a c t u r e  s t r e n g t h  of the semiconductor, which means t h a t  good c r e a t i v e  
designs w i l l  b e  r e q u i r e d  i n  p r a c t i c a l  a p p l i c a t i o n s  t o  p r e v e n t  o v e r s t r e s s  
and des t ruc t ion  of the  devices .  
Severa l  phys ica l  mechanisms have been proposed as the underlying 
mechanism r e s p o n s i b l e   f o r   t h e   e f f e c t :  (1) stress induced  changes i n  
generation-recombination (2)  changes i n   l i f e t i m e  and 
(3)  changes i n  energy band structures.  1’8y9 The  model f i r s t  proposed f o r  
t h e  e f f e c t  was based on the reversible  creat ion and rel ieving of generation- 
recombinat ion  centers   in   the  semiconduct ing  mater ia l .   Closely  re la ted  to  
6-7 
t h i s  model is one t h a t  p o s t u l a t e s  a stress induced change i n  c a r r i e r  l i f e -  
t i m e .  Nei ther  of  these models  are  adequate  to  explain the many f a c e t s  
of the observed phenomenon. A model based  on stress induced  changes i n  
the energy band s t r u c t u r e  of t h e  material has been used t o  e x p l a i n  most 
of the  observations  which are r eve r s ib l e .  The p i ezo junc t ion  e f f ec t  is  
complex i n  n a t u r e  and i n  many cases probably involves each of the above 
mentioned mechanisms. 
The t h e o r e t i c a l  model of t h e  phenomenon based on stress induced 
changes in  the  ene rgyband  s t ruc tu re  is  t r e a t e d  i n  d e t a i l  i n  Ref. 1 . 
I n  g e n e r a l  i n  e x t r i n s i c  material, t h i s  model neg lec t s  any e f f ec t s  o f  
stress on any junc t ion  parameters  except  the  minor i ty  car r ie r  concent ra t ion .  
I 
2 
The i n t r i n s i c  carrier concentrat ion is given by 
n 2 = pn = n Y,,(U>, 
i o  (1.11 i 
where  pn i s  the product  of  the electron and hole  concentrat ion,  n is  t h e  
u n s t r e s s e d  i n t r i n s i c  carrier concentration,  and ~~((5) is  t h e  f a c t o r  t h a t  
accoun t s  fo r  t he  stress s ta te .  The ((5) is used  to  show a func t iona l  
i o  
s t r e s s , o  , dependence.  The f a c t o r  yv(a) a c c o u n t s  f o r  t h e  e f f e c t s  of 
stress on the  mul t iva l l ey  na tu re  of s i l i c o n  and germanium, f o r  example, 
as w e l l  a s  c r y s t a l  o r i e n t a t i o n  and  doping l e v e l .  As shown i n  I f o r  stress 
l e v e l s  above 10 dynes/cm2, y, ((5) can usually be approximated by 9 
C2(5 
Y,(d = C1e 
where C and C2 are constants depending on the  ma te r i a l  and c rys t a l log raph ic  
o r i en ta t ion .  
1 
The e lec t ronic  cur ren t  f lowing  across  a p-n junction can be broken 
i n t o  two pa r t s :   (1 )   t ha t   r e su l t i ng  from diffusion  (Shockley o r  Idea l )  
cu r ren t ,  and ( 2 )  t h a t  r e s u l t i n g  from  generation-recombination i n  t h e  
junc t ion .  The t o t a l  c u r r e n t  f o r  a forward  biased  junction is 
where Iol and I are  constants  depending on the  junct ion  parameters  and 
V is the  appl ied  vol tage .  The second term i s  the  cu r ren t  r e su l t i ng  from 
02 
generation-recombination.  Note  that  the l a t te r  cu r ren t  is  no t  as stress 
s e n s i t i v e  as the  d i f fus ion  cu r ren t  s ince  i t  is mul t ip l ied  by m. I n  
t h e  reverse biased mode t h e  t o t a l  c u r r e n t  is  
V 
I = I y ((5) + I O 3 W  (V + V o P 2  01 v 
where Vo is t h e  j u n c t i o n  b u i l t  i n  p o t e n t i a l  and I is  a constant .  03 
3 
Figure 1.1 shows t h e  f o r w a r d . b i a s e d  c h a r a c t e r i s t i c s  of a s i l i c o n  mesa 
d i o d e  f o r  several stress l e v e l s .  The stress w a s  appl ied  by means of a 
steel pos t  forced  aga ins t  the  d iode  mesa of 33 microns in  d i ame te r .  The 
so l id  curve  is  a theore t ica l  curve  us ing .Eq.  (1.3) 
The breakdown voltage of p-n junc t ions  i s  a l s o  stress s e n s i t i v e .  8,10,11 
The s e n s i t i v i t y  o f  t h e  breakdown vol tage  is much less than  the  d iode  
cur ren t .  The r e l a t i v e  change i n  breakdown vol tage (AV/V,) in s i l i c o n  
is 
AV - - cm /dyne)o , 2 "
vB 
where 0 is the  magnitude of t he   app l i ed  stress. The c r y s t a l   o r i e n t a t i o n  
is no t  impor t an t  i n  stress e f f e c t s  on breakdown v o l t a g e  i n  s i l i c o n .  I n  
germanium,  however, t h e  e f f e c t  i s  much more complicated. 
- -~ 
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Figure 1.1 Forward Biased I-V characteristics of a  mesa  diode sub- 
jected to stress. (The applied  force is shown.) 
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Sect ion I1 
STRESS COUPLING  TECHNIQUES 
2.1  In t roduc t ion  
I n  o r d e r  t o  u t i l i z e  p-n junc t ion  dev ices  as stress transducers  
t h e  stress level must be on the order of l o9  - l o l o  dynes/cm2.  These 
stress levels are n e a r  t h e  f r a c t u r e  s t r e n g t h  of s i l i c o n  and  germanium. 
The f r a c t u r e  s t r e n g t h  as measured using s i l icon bars  i s  on the order of 
3 x lo9 dynes/cm2. This value might be considered as a bulk value and,  
as evidenced by the stress l e v e l s  u s e d  i n  t h i s  work, and t h e  work of 
o the r s ,  t he  f r ac tu re  s t r eng th  ove r  small reg ions  is cons iderably  la rger  
(- 3 x l o l o  dynes/cm ). Any usefu l  t ransducer  which  u t i l i zes  the  p iezo-  
junc t ion  e f f ec t  must be designed with t h i s  f r a c t u r e  s t r e n g t h  
i n  mind. 
2 
There are s e v e r a l  methods of ob ta in ing  the  h igh  stress l e v e l s  needed 
f o r  t h e  p i e z o j u n c t i o n  e f f e c t .  Some of t hese  methods are d i s c u s s e d  i n  t h e  
fol lowing sect ions.  Par t icular  emphasis  has  been placed on the  semicon- 
ductor  needle  due to  its po ten t i a l  u se fu lness .  
2 . 2  Indenter   Poin t  
The f i r s t  and most widely used method of applying stress t o  p-n 
junc t ion  devices  i n  ear ly  piezojunct ion experiments  and t ransducers  has  
been  wi th  indenter  po in ts .  An i n d e n t e r  p o i n t ,  i n  most cases, i s  simply 
a steel ,  diamond, o r  s apph i re  phonograph  needle. Stress is  app l i ed  to  
a p-n junc t ion  dev ice  by f i r s t  p l a c i n g  t h e  i n d e n t e r  p o i n t  on the  junc t ion  
to  be  s t ressed  and  then  apply ing  a c a l i b r a t e d  f o r c e  t o  t h e  i n d e n t e r .  
6 
The  major  advantage  to  using an indenter  point  is  that  the  stress 
is  not  a  linear  function  of  the  applied  force  and  only  a  small  portion 
of  the  total  sample  is  stressed. A s  force is increased  the  stressed 
area  increases.  This  means  that  fracture  due  to  overstressing is less 
likely  to  occur. The most  serious  disadvantage  inherent in this  method 
of  stress  application is  the  difficulty  of  aligning  the  indenter  point 
and  the  small  junction  area so that  the  point  makes  contact  to  the  desired 
location  on  the  junction.  Since  the  stress  levels  required  to  produce  the 
piezojunction  phenomenon  are  high,  it  is  necessary  that  the  stressed  area 
be  small ( - m i l s  in  order  that  the  force  required  to  generate  these  stress 
levels  is  not  mammoth.  The  alignment  process i  very  tedious  and  must  be 
performed  with  the  aid  of  a  microscope.  The  complexity  of  this  process 
is magnified  several  times  when  the  indentor poirit stressing  method  is 
used in workable  transducers  which  must  be  subjected  to  other  than  labor- 
atory  environments.  Any  lateral  movement  of  the indenter point  removes 
it  from  the  desired  junction  area  and  often  causes  permanent  damage  to 
the  junction. 
2 
Another  disadvantage  of  the  indenter  point  method  of  stress  applica- 
tion  is  the  difficulty  of  determining  the  area  over  which  the  stressing 
force is applied.  This  area,  along  with  applied  force,  must  be  known  in 
order  to  accurately  predict  the  applied  stress. 
The  indenter  point  method  of  stressing  has  been  used  successfully 
to  build  laboratory  transducers  for  accelerometers12.  Reference 12
describes  in  some  detail  the  methods  used  and  the  results  obtained  using 
the  indenter  point  method. 
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A v a r i a t i o n  of t he  inden te r  po in t  method i s  of ten  used  to  apply  
stress t o  mesa devices .  The indenter  po in t  i s  c a l l e d  a p o s t  i n  t h i s  
ins tance  because  the  rad ius  of curva ture  of t he  inden te r  po in t  i s  much 
la rger  than  the  d iameter  of the  device  be ing  s t ressed .  Thus ,  the  en t i re  
area of t he  junc t ion  dev ice  i s  s t r e s s e d  by the  pos t .  Alignment i n  t h i s  
case i s  no t  as c r i t i ca l  and d i f f i c u l t .  Mesa devices  are, however,  more 
suscep tab le  to  env i ronmen ta l  e f f ec t s  and  a l so  e l ec t r i ca l  con tac t  can  be  
a problem.  This  approach  could  prove t o  b e  a usefu l  technique ,  par t ic -  
u l a r l y  i f  more than one device is  s t r e s s e d  a t  one t i m e  wi th  the  same pos t .  
2 . 3  Cant i lever  Beam 
A cantilever beam can be used to apply stress t o  a  p-n junc t ion .  
This can be accomplished by f i r s t  f a b r i c a t i n g  a small, t h i n  beam from 
s i n g l e - c r y s t a l  s i l i c o n .  A p-n junc t ion  i s  then  formed  on  one s i d e  of t h e  
beam. S t r e s s  i s  appl ied  by fo rc ing  the  loose  end  of t he  beam  up o r  down. 
The big disadvantage to  such a system i s  t h e  f r a c t u r e  s t r e n g t h  of s i l i c o n .  
I n  g e n e r a l ,  a c a n t i l e v e r  beam w i l l  f r a c t u r e  due to  bulk  imperfec t ions  
before  the  stress l eve l s  necessa ry  to  e f f ec t  p-n j u n c t i o n  c h a r a c t e r i s t i c s  
are reached. A t t e m p t s  have  been made t o  s o l v e  t h i s  problem  by etching a 
n o t c h  i n  t h e  beam d i r e c t l y   o p p o s i t e   t h e   j u n c t i o n  . Although t h i s  13 
method  of concent ra t ing  the  stress has had some success,  the manufacturing 
processes  and yield w i l l  l i k e l y  p r o h i b i t  i t s  use. Also, it would be very 
f r a g i l e  and  easy  to  overs t ress .  
A v a r i a t i o n  of t he  can t i l eve r  beam i s  a  beam which is  a t t ached  to  a 
f ixed  base  a t  both ends. The p r i n c i p l e  of opera t ion  is  i d e n t i c a l  t o  t h e  
c a n t i l e v e r  beam except  force  is a p p l i e d  t o  t h e  c e n t e r  of t h e  beam. 
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The advantages of t hese  methods over the indenter point and post 
methods is that no alignment problem exists. Also, electr ical  contac t  
w i th  a l l  junc t ions  is e a s i l y  a t t a i n e d .  
2.4 Diaphragm 
Another method of u t i l i z i n g  t h e  p i e z o j u n c t i o n  phenomenon is a semi- 
conductor  diaphragm. The diaphragm is etched from a s u b s t r a t e  of t h e  
des i r ed  material t o  a th ickness  a t  which a reasonable  force  w i l l  create 
t h e  d e s i r e d  stress level. For  s i l i con  r easonab le  fo rces  l eads  to  a thick-  
ness  less than 5 m i l s .  Here t h e  p-n junc t ion  is formed i n  t h e  c e n t e r  of 
t h e  diaphragm. It is  p r e f e r a b l e  t o  u s e  t h e  p l a n a r  p r o c e s s  f o r  t h i s  j u n c t i o n  
formation. Stress is a p p l i e d  t o  t h e  j u n c t i o n  i n  t h e  same manner a s  f o r  t h e  
can t i l eve r  beam. 
This diaphragm is extremely--f.ragile-_and,_ .thus, -very d i f f i c u l t   t o  ~ ~ . " - " - - "  -~ "~ ~ "-. - . . .. " 
f a b r i c a t e .  However p o t e n t i a l   f o r a p p l i c a t i o n   t o   r s s u r e  
.~~ "_ " - 
_____L__ 
t ransducers .  - , . . -. . . . . - ~  
2 .5  Bonded Chip 
One of the major disadvantages of any technique for  applying the 
stress which depends f o r  i t s  opera t ion  on s t r e s s i n g  l a r g e  volumes of t h e  
semiconductor sample is t h e  l i m i t e d  f r a c t u r e  s t r e n g t h  which places the 
weakes t  po in t  in  the  sys tem in  the  pos i t ion  of control l ing the upper  
l i m i t  on stress l e v e l .  One  way to  avoid this  problem is  t o  bond a t h i n  
semiconductor chip onto a beam of some material o the r  t han  s i l i con .  The 
bond between the beam and the  ch ip  must  t ransmi t  the  stress. I f  t h e  beam 
is much th icker  than  the  ch ip  then  as t h e  beam is  s t r e s s e d  t h e  u l t i m a t e  
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mechanical  properties  are  set  by  the  beam  and  not  the  chip. In this 
manner  one  may  avoid  an  unstable  mechanical'system  if  the  chip i s  
thin  enough so that it does  not  influence  the  stress in the  beam. 
If the  semiconductor  sample  does  fracture,  it  may  not  be  near  the  junction 
and  the  device  could  remain  operative. 
The  problem  here  is  the  bond. Two techniques  come  to  mind (1) eutectic 
bonding  utilizing  the  gold  silicon  eutectic  similar  to  that  used in bonding 
chips  to  headers in transistor  technology  and (2) epoxy. In each  of  these 
techniques,  the  chip  must  be  thin  in  order  to  reduce  the  stress  on  the 
bond. 
2.6 Semiconductor  Needle  Sensor 
The l as t  method  to  be  discussed  for  the  application  of  stress  to  a 
junction  device,  and  the  method  considered  most  applicable  to  transducers, 
is the  semiconductor  needle  as  shown i Fig. 2-1. The  semiconductor 
needle  is  an  outgrowth  of  alignment  difficulties  encountered  with  the 
indenter  point  stressing  method. A semiconductor  needle  is  fabricated  from 
a  bar  of  the  desired  material  by  using an electroetching  technique  developed 
f o r  this  purpose. A p-n  junction  is  formed on the  apex  of  the  needle  by 
either  the  mesa  or  planar.  techniques,  and  stress is applied  by  forcing 
the  needle  onto  a  conductive  surface. 
The  needle  sensor  is  formed  by: (1) fabricating  the  desired  silicon 
blank  (rectangular  rod), (2) cleaning  the  blank, (3)  electro-etching  a 
conically  shaped  point  on  the  blank, ( 4 )  cleaning,  and (5) forming  the 
p-n junction  or  junctions on the  apex  of  the  needle. 
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2.7  Needle  Fabrication Method 
The f i r s t   s t e p  i n  the need le  f ab r i ca t ion  p rocess  is t o  form t h e  
needle blank. The blank is a rec tangular  bar  of s i l i con  approximate ly  
1 / 2  inch long and 20 m i l s  on each side.  The dimensions of t h e  b a r  are 
no t  impor t an t  w i th  the  excep t ion  tha t  t he  s ides  must be very nearly equal 
( square  perpendicular  to  the  ax is ) .  If the  rod  is n o t  s q u a r e  t o  w i t h i n  
112 m i l  on  each  s ide ,  t he  r e su l t i ng  need le  t i p  w i l l  be wedge shaped and 
not  conica l  as des i red .  A round  rod is more des i r ab le  than  a square 
rod, however, experiments have shown t h a t  t h e  s q u a r e  b a r s  are acceptable .  
A c lean ing  p rocess  s imi l a r  t o  tha t  u sed  commerc ia l ly  in  the  produc- 
t i o n  of semiconductor devices was modified and used to clean the si l icon 
s t a r t i ng  b l anks  in  o rde r  t o  in su re  p rope r  e t ch ing .  The purpose of t h i s  
S il icon 
f fus ion  
n- type 
Fig. 2-1. A Sketch  of  the  Silicon  Needle  Diode  Sensor. 
I . ~..  
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i s  to  thoroughly remove a l l  contaminants from the surface of t h e  
si l icon, including any that might have been introduced during the 
mechanica l  s l ic ing  opera t ion .  
The next  s tep  in  the  needle  format ion  process  i s  the  e l ec t ro -  
chemical etching of the needle t i p .  This was done by slowly lowering 
and rais ing one end  of the needle  blank into an etch solut ion.  An 
e l e c t r i c  p o t e n t i a l  (a.c.) was maintained between the needle blank and 
an  e lec t rode  in  the  e tch  so lu t ion .  A motor driven apparatus was de- 
signed and assembled which controlled the amount of  t ime the  s ta r t ing  
bar remained in  the  e tch ing  so lu t ion  and  the  depth  to  which it is  
submerged. It i s  des i r ab le  tha t  t h i s  dep th  be  as shallow as poss ib l e  
in  o rde r  t ha t  t he  mechan ica l  s t r eng th  o f  t he  f ina l  need le  be 
maximized. The shal lowest   depth  pract ical  was found t o  be  approxi- 
mately 1/8 of an inch. The s i l i c o n  b a r  was submerged i n t o  and re-  
t r i eved  from the  e tch ing  so lu t ion  by a piston driven by the motor 
through a l e v e r  arm. A photograph o f  the apparatus is  shown i n  F ig .  2-2. 
The so lu t ion  used  to e tch  the  rec tangular  s i l i con  bars  in to  
needles was composed of a mixture of concentrated HNO and concen- 
t r a t e d  HF. The mixture  ra t io  was defined as volume of HNO divided 
by volume of HF and was varied from a high of 14 t o  a low of 3.5 i n  
an  e f for t  to  de te rmine  i t s  e f f e c t  on the completed needle. 
Simultaneously,  the electroetching current  was va r i ed  from 20 ma  t o  
70 ma. The purpose of  this  procedure was t o  o b t a i n  a balance between 
chemical  and e l e c t r i c a l  e t c h i n g  phenomena. It was determined that a 
mixture  ra t io  above 7 was no t  su f f i c i en t  t o  p rov ide  a proper chemical 
cont r ibu t ion  to  the  e tch ing  process  whi le  a r a t i o  below 4.5 provided 
an excessive chemical contribution. A low ra t io  caused  an  "orange 
3 
3 
1 2  
Fig .  2 - 2 .  Photograph of the Apparatus Used to  Etch  the  S i l icon  Bars  
Into Needles.  
pee l "  e f f ec t  on the  su r face  o f  t he  need le  t i p  and caused the cone of the 
needle to have an uneven profile. An example of  an excessively low 
mix tu re  r a t io  i s  shown i n  F i g .  2 - 3 .  A h i g h  m i x t u r e  r a t i o  r e s u l t e d  i n  
blunt  t ips  because etching act ion was n o t  s u f f i c i e n t  t o  e f f e c t i v e l y  
sharpen  the  s i l i con .  An example of  a h i g h  r a t i o  i s  shown i n  Fig. 2 - 4 .  
When the  mix tu re  r a t io  w a s  ou t s ide  the  p re sc r ibed  bounds, a proper 
balance could not  be at ta ined by manipulat ing the current  level .  A 
current level above approximately 
bu t ion  to  a poin t  of  una t ta inable  
r e su l t ed  in  an  unba lance  in  f avor  
mixture ratio-current combination 
60 ma i n c r e a s e d  t h e  e l e c t r i c a l  c o n t r i -  
equi l l ib r ium whi le  cur ren t  below 20 m a  
of  chemical  etching. The  optimum 
w a s  found to be approximately 4.7 a t  
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Fig .  2-3 .  Photomicrograph of  a S i l i c o n  Needle - Low Mixture Ratio 
(1 Q-cm n - type  s i l i con ) .  
F ig .  2-4. Photomicrograph of  a Si l icon Needle  - High Mixture Ratio 
(1 Q-cm n- type  s i l icon) .  
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50 ma. However, the  cur ren t  leve l  d id  not  have  near ly  as much a f f e c t  
on the needle  as d id  the  mixture  ra t io .  
Also worthy of note i s  t h e  manner i n  which t h e  s o l u t i o n  was mixed 
and which had a s ign i f i can t  e f f ec t  on  the  r e su l t an t  need le .  A non- 
uniformly mixed solution produced needles of various uncontrollable 
geometries with a l l  other  parameters  f ixed.  "his problem w a s  a l l e v i -  
a t e d  by ag i t a t ing  the  mix tu re  fo r  a period of 10 t o  15 minutes before 
the electroetching process  was i n i t i a t e d .  
The parameters of time and dip-rate were found to be equally as 
important as the  mixture  ra t io  and current  parameters .  The d ip - ra t e  
parameter i s  t h e  r a t e  a t  which the  s i l i con  b l ank  i s  lowered into and 
withdrawn  from the etching solut ion.  The time  parameter i s  the elapsed 
time from the beginning to the end of the dipping process. An ex- 
ces s ive ly  sho r t  t ime  p rov ided  in su f f i c i en t  e t ch ing  and  l e f t  t he  need le  
with a concave cone and a blunt  t i p .  An excessively long time provided 
excessive etching and l e f t  t he  need le  wi th  a convex cone and a blunt  
t i p .  The optimum time was found to  be  approximately 4 minutes. An 
example of excessive time i s  depicted by the needle t i p  in  the photo-  
micrograph of Fig. 2-5 while  the effect  of  insuff ic ient  t ime can be seen 
in  F ig .  2-6. 
The d i p - r a t e  was found t o  have a detr imental  affect  on the f inished 
n e e d l e  o n l y  i f  t h i s  r a t e  was very low. A t  low dip rates,  an "orange 
pee l"  e f fec t  was present  on the surface of  the etched port ion of  the 
needle. This w a s  a t t r ibuted to  chemical  e tching during the up port ion 
of the dip rate cycle.  Chemical etching w a s  caused by t h e  f a c t  t h a t  
some re s idua l  so lu t ion  was withdrawn along with the needle, and a t  low 
d ip - ra t e s ,  had su f f i c i en t  t ime  to  r eac t  wh i l e  t he  need le  w a s  ou t  of 
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Fig.  2-5.  Photomicrograph of 1 R-cm n-type Sil icon Needle - Etching 
Time 6 min. (each d iv i s ion  i s  .04 nun) . 
Fig. 2-6. Photomicrograph of 1 Q-cm n-type Sil icon Needle - Etching 
Time 3 min. (each d iv i s ion  i s  .04 mm) . 
16 
the  so lu t ion .  S ince  the  needle  was out  of  the solut ion and thus no 
current could flow, the etching action w a s  a l l  chemical during this 
port ion of  the cycle .  The "orange peel" effect  was eliminated by in- 
c reas ing  the  d ip- ra te  to  approximate ly  20 cycles  per  minute .  
The influence of the various parameters such as mixture  ra t io ,  
e tch ing  cur ren t ,  t ime and .d ip- ra te  on  the  f ina l  needle  a re  summarized 
i n  Table I. Table I was obta ined  for  1 ohm-cm n- type  s i l icon .  However, 
the only parameter  appreciably affected by a change i n   r e s i s t i v i t y  i s  
t h e  c u r r e n t  l e v e l .  A h igher  cur ren t  i s  requi red  for  lower  res i s t iv -  
i t i e s  m a t e r i a l  and v ice  versa .  No appreciable  effect  has  been noted 
f o r  a change  from  n to  p - type  s i l i con .  Fo r  ve ry  h igh  r e s i s t i v i ty  
s t a r t i ng  b l anks ,  an  u l t r av io l e t  l i gh t  sou rce  a ids  the  e t ch ing  p rocess .  
Using t h e  r e s u l t s  o f  these experiments,  it has been possible  to  
reproducibly fabricate  s i l icon needles  with approximately the desired 
geometr ical  propert ies .  The rad i i  o f  curva ture ,  as we l l  as t i p  lengths  
and su r face  cha rac t e r i s t i c s ,  can  be  con t ro l l ed  to  the  necessa ry  
tolerances.  Two needles made using the optimum parameters of Table I 
a r e  shown in the photomicrographs of Fig. 2-7 .  It should be noted 
t h a t  t h e  motor driven apparatus i s  capable of etching any number of 
needles simultaneously. 
2.8 Junction  Formation 
Once the needle  fabr icat ion process  w a s  pe r f ec t ed ,  t he  nex t  l og ica l  
s t e p  i n  t h e  development of improved needle sensors was the junct ion fab-  
r ica t ion  process .  An e f f o r t  was made to  con t ro l  t he  pa rame te r s  o f  t h i s  
process with primary emphasis on t h e  method o f  j unc t ion  a rea  de f in i t i on .  
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Table I 
Influence of Electroetching Parameters on Silicon Needle Fabrication 
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(Q - cm) 
n-S i 
n-S i 
n-Si 
n-Si 
n-Si  
n-Si 
n-Si 
n-S i 
n-Si 
n-Si 
n-Si 
i Remarks 
Insuf f ic ien t  e tch ing  
Smooth surface,  rough  concave 
p r o f i l e  
Same as above 
Rough p r o f i l e ,  smooth surface,  
blunt  t i p  
1 Concave p r o f i l e ,  smooth surface 
; blunt t i p  
1 Sl ight ly   concave  prof i le ,  smoot: 
surface,   blunt t i p  
1 Smooth surface,   rough  profile,  
t i p  r e l a t ive ly  sha rp  
1 
1 
1 
1 
P r o f i l e  s l i g h t l y  convex, t i p  
' sharp,  "orange  peel"  surface 
l Blunt t i p ,  p r o f i l e  convex, 
, 1 1  orange  peel"  surface 
Sharp t i p ,  p ro f i l e  r a the r  rough  
"orange peel" surface 
I Sharp t i p ,  smooth p ro f i l e ,   su r -  
1 face  very smooth 
Fig. 2-7. Photomicrograph of ! b o  Silicon  Needles  Fabricated  Using 
Optimum  Parameters of Table I (1 R-cm  n-type silicon). 
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The stress s e n s i t i v i t y  o f  p-n junctions depends,  among o the r  
f a c t o r s ,  o n  t h e  r a t i o  o f  s t r e s s e d  t o  u n s t r e s s e d  j u n c t i o n  area. 
Therefore,  it i s  d e s i r a b l e  t h a t  as much o f  t he  junc t ion  a rea  as poss ib l e  
be  exposed t o  t h e  a p p l i e d  stress. The i n s e n s i t i v i t y  t o  stress n o t e d  i n  
some of  the  ear ly  needle  sensors  was a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  
junc t ion  area on  the  t i p  o f  t he  need le s  was l a rge  wi th  respect t o  t h a t  
p o r t i o n  o f  t h i s  area which was ac tua l ly  s t r e s sed .  An e f f o r t  was under- 
taken t o  develop a technique of j u n c t i o n  d e f i n i t i o n  which would reduce 
t h e  t o t a l  j u n c t i o n  area t o  t h a t  a c t u a l l y  s t r e s s e d .  
The present  s tudy has  been confined to  the planar  process  for  
f ab r i ca t ing  junc t ions  on  the  t i p  o f  t he  need le s .  P l ana r  need le  senso r s  
were  o r ig ina l ly  f ab r i ca t ed  by f i r s t  growing an oxide on the entire 
s i l i c o n  n e e d l e .  The oxide covered needle was then coated with photo- 
r e s i s t  (such as KTFR) which remains i n t a c t  a f t e r  t h e  e x p o s u r e  and 
developing  process. To expose  the t i p  of  the needle ,  i t  was c a r e f u l l y  
lowered in to  mol ten  b lack  wax which defined the junction area and was 
then  exposed  to  u l t r av io l e t  l i gh t .  S ince  the  area of  the  junc t ion  was 
determined by the  dep th  to  which the needle  t i p  w a s  lowered  in to  the  
p ro tec t ive  wax, t h i s  was t h e  most c r i t i ca l  and most d i f f i c u l t  s t e p  t o  
con t ro l  i n  the  p rocess .  It was most d i f f i c u l t  t o  c o n f i n e  t h e  wax t o  
the  ve ry  t i p  of the needle and even more d i f f i c u l t  t o  mask two needles 
ident ica l ly .  Al though th is  masking technique was somewhat successful ,  
t h e  need for a more p rec i se  method l e d  t o  t h e  development of other 
techniques.  
The f i r s t  t echn ique  inves t iga t ed  in  an  a t t empt  to  ob ta in  a junc t ion  
only on t h e  p o r t i o n  of the needle  to  be s t ressed consis ted of  lowering 
the  photores i s t  coa ted  needle  in to  a g l a s s  b e a k e r  u n t i l  t h e  n e e d l e  t i p  
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came into contact  with the bot tom of  the beaker .  The beaker w a s  then  
f i l l ed  wi th  b l ack  ink .  fo r  t he  pu rpose  of a t t enua t ing  the  exposure  l i gh t .  
The idea  here  w a s  t h a t   o n l y   t h e   v e r y   t i p  of the needle  would. . touch the 
g l a s s  a n d  t h a t  o n l y  t h i s  p o r t i o n  o f  t h e  p h o t o r e s i s t  would be exposed 
when l i g h t  w a s  passed through the bottom of the beaker. This method 
did not prove to be successful and was ,  therefore, abandoned. 
The next  a t tempt  consis ted of  lowering the photoresis t  coated 
needle  onto a spr ing  loaded  meta l  p la te  in  much t h e  same manner as i f  
s t r e s s  was being appl ied to  a f inished sensor .  The metal p l a t e  w a s  
coated with black paint  so a s  t o  p r o t e c t  t h e  p o r t i o n  o f  t h e  n e e d l e  i n  
contac t  wi th  the  meta l  from the  exposure  l igh t .  Once contac t  was made, 
the unprotected photoresis t  on the needle  was exposed with an ul t ra-  
v i o l e t  l i g h t  s o u r c e  f o r  a period of approximately 2 minutes. 
The needle sensors produced by t h e   l a t t e r  method were very sensi- 
t i v e  t o  stress and diodes formed by us ing  th i s  process  possessed  very  
good e l e c t r i c a l  c h a r a c t e r i s t i c s .  Good needle  sensors  have  been  obtained 
by this  procedure using both n and  p - type  s i l i con  s t a r t i ng  ma te r i a l  o f  
v a r i o u s  r e s i s t i v i t i e s .  Some of  the  advantages o f  th i s  technique  over  
the  b lack  wax method are (1) smaller junc t ion  a rea  de f in i t i on  and 
(2) more cont ro l lab le  junc t ion  def in i t ion .  This  technique  i s  a l s o  much 
eas ie r  and  fas te r  than  any  o ther  method t r i e d  t o  d a t e .  
Fol lowing the exposure operat ion,  the photoresis t  was developed 
leaving a hole  in  the  photores i s t  on  the  apex  of  the  needle .  The 
needles  were then  p laced  in  HF t o  e t c h  a ho le  in  the  ox ide  on  the  un- 
pro tec ted  needle  t ip .  Care  must be exercised in  the  e t ch ing  ope ra t ion  
to  in su re  tha t  t he  pho to res i s t  does  no t  pee l  o f f .  Th i s  i s  b e s t  
accomplished by using a pi lot  wafer  on which the etch t i m e  i s  determined. 
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A p-n junction can be formed on the  apex  of  the  needle  by simply 
removing the  pho to res i s t  and  p l ac ing  the  need le  in to  an  appropr i a t e  
d i f fus ion  furnace .  S ingle  junc t ions  wi th  exce l len t  electrical  char- 
acteristics have been formed using the above process .  
Junct ion depth and impuri ty  surface concentrat ion are important 
i n  the  s t r e s s  r e sponse  o f  d iode  senso r s .  A shal low junct ion 
(a 1 / 2  micron) with a high surface concentrat ion (- 1021 atoms/cm ) 3 
has  p roved  to  r e su l t  i n  t he  bes t  s enso r s .  High sur face  concent ra t ion  
n o t  o n l y  i n c r e a s e  t h e  s t r e s s  s e n s i t i v i t y  o f  t h e  s e n s o r s  b u t  i t  a l s o  
makes it e a s i e r  t o  o b t a i n  good  ohmic c o n t a c t  t o  t h e  n e e d l e  t i p  w i t h  
ordinary metals  such as Au and AI. 
The stress s e n s i t i v i t y  o f  s ingle  junct ion needle  sensors  depends 
heavi ly  on  the  rad ius  of  curva ture  of  the  needle  poin t  and  on  the  
junc t ion  a rea .  S ince  the  rad ius  of  curva ture  of  the  needle  poin ts  are 
control lable  above a few microns, i t  i s  possible  to  choose almost  any 
d e s i r e d  s e n s i t i v i t y .  T y p i c a l  s e n s o r s  f a b r i c a t e d  i n  t h e  l a b o r a t o r y  h a v e  
used a r ad ius  o f  cu rva tu re  of approximately 1 / 2  m i l  which r e s u l t e d  i n  
sensors  requi r ing  a force of approximately 10 grams t o  bias  the device.  
The e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  a typ ica l  s enso r  is shown i n  F i g .  2-8 
fo r  s eve ra l  stress l e v e l s .  
The f e a s i b i l i t y  o f  fabr ica t ing  mul t i junc t ions  on the apex of 
s i l i con  need le s  has  been investigated.  The par t icular  device chosen 
f o r  t h i s  s t u d y  was a four- layer   ( three  junct ion)   diode.  The break-over 
vol tage of  four- layer  switches i s  s t r e s s  dependent which makes 
t h e  d e v i c e  p a r t i c u l a r l y  a t t r a c t i v e  f o r  u s e  i n  a n  o s c i l l a t o r  
configurat ion.  The  method s tud ied  fo r  t he  f ab r i ca t ion  o f  fou r - l aye r  
switch needles was i d e n t i c a l  t o  t h a t  u s e d  i n  f a b r i c a t i n g  s i n g l e  
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Fig .  2 -8 .  Needle  Diode  Current-Voltage  Characteristics  for  Several 
Stress Levels. Vertical Scale - 0.01 maldiv,  Horizontal 
0.2 V/div for Forward Bias and 5 Vldiv for Reverse Bias. 
junct ion devices  as described above except three  consecut ive  d i f -  
fusions were performed instead of one. 
The problem of fabricating four-layer switches in which a l l  t h ree  
junc t ions  a re  d i f fused  junc t ions  i s  d i f f i c u l t  when a l l  t h e  p l a n a r  p r o -  
cessing s teps  are avai lable .  That  is, when a new oxide can be grown 
and a new hole  (smaller a rea )  cu t  i n  the  ox ide  a f t e r  each  d i f fus ion  
s t e p  as i s  common in  the  p l ana r  p rocess .  Ep i t ax ia l  subs t r a t e s  a re  
much easier t o  work w i t h  i n  making mul t i junc t ion  devices .  As ide  from 
t h e  masking problem in  a l l  d i f fused  junc t ion  fou r - l aye r  d iodes  each  
consecut ive diffusion must be much heavier  than the previous one a t  
the expense of  control led junct ion depth and the qual i ty  of  the junc-  
- t i o n  formed. 
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Since  it is  n o t  p r a c t i c a l l y  f e a s i b l e  u s i n g  t h e  n e e d l e  s t r u c t u r e  t o  
cu t  more than one window i n  t h e  o x i d e  on the  apex  of  the  needle ,  it is  
the re fo re  necessa ry  to  ca r ry  ou t  a l l  diffusion through a s ing le  ox ide  
window . 
Considerable  e f for t  was put  in to  fabr ica t ing  four - layer  d iodes  on  
s i l i c o n  w a f e r s  u t i l i z i n g  a s i n g l e  window f o r  t h e  d i f f u s i o n .  The f i n a l  
p rocess  cons i s t ed  o f  f i r s t  making a very shallow (less than 112 micron) 
d i f fus ion  wi th  a low sur face  concent ra t ion .  This  was followed by a 
d r i v e - i n  c y c l e  i n  a neutral  furnace,  a t  13OO0C, for  approximate ly  s ix  
hour s .  Th i s  r e su l t ed  in  a junction depth of approximately 10 to 15 
microns.  This was followed by two more d i f fus ions  wi th  oppos i t e  t ype  
impur i t ies .  The y i e l d  on these devices  was very  low. The problem was 
not  s o  much con t ro l  ove r  t he  d i f fus ions  as i t  was shor ted  junc t ions  a t  
the oxide junct ion interface.  Another  problem was l a r g e  v a r i a t i o n s  i n  
the device propert ies ,  even for  devices  made a t  t h e  same t i m e .  An 
ana lys i s  o f  t hese  r e su l t s  showed t h a t  t h e s e  v a r i a t i o n s  r e s u l t e d  i n  l a r g e  
p a r t  from s u r f a c e  e f f e c t s .  
J 
Attempts t o  t r a n s l a t e  t h e  s i n g l e  window planar  process  for  four-  
l a y e r  d i o d e s  t o  t h e  s i l i c o n  n e e d l e  were unsuccessful. Although a few 
needle  four- layer  diodes were formed, they had very poor electrical  
c h a r a c t e r i s t i c s .  The r e s u l t s  i n d i c a t e d ,  however, t h a t  such a process 
i s  poss ib l e  i f  pe r f ec t ed  and  con t ro l l ed  p rope r ly .  It i s  f e l t  t h a t  a 
n e a r  p i l o t  l i n e  o p e r a t i o n  would be required to perform an adequate 
evaluation of the process.  Since neither the funds nor the equipment 
were available under  the present  s tudy,  fur ther  s tudies  were not  made. 
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2.9 S t r e s s  and Displacement of Needles Under an Applied Force 
The fol lowing analysis  of  s i l icon needles  under  loaded condi t ions 
i s  based on needles  with circular  symmetry, i .e.,  the shank is  assumed 
t o  be  round.  Figure  2-9 shows a sketch of the geometry considered. 
S i l i c o n  i s  shown i n  t h e  f i g u r e  a s  the  pressure plate  (base)  onto 
which  the  needle t i p  is  p r e s s e d .   S t a i n l e s s   s t e e l ,   s i l i c o n  and quartz  
have 
4 ,  
been used as  base  mater ia l s .  
I f  t h e  a p p l i e d  f o r c e  i s  F, then the displacement of the shank, 
i s  
FQ1 ae, = -
Ta E 
2 ’  
where E i s  Young’s  modulus and a is  the  r ad ius  o f  the shank. The d i s -  
placement o f  the  conica l  sec t ion ,  d2 i s  
where R is  the  r a d i u s  of  curvature  o f  the  needle  point .  
To calculate  the displacement  of  the point ,  i t  i s  assumed t h a t  
the base dimensions are much g rea t e r  t han  the  r ad ius  of  t he  po in t .  The 
displacement of the point and the base combined, &, i s  approximately 14  
Ay 2 1 . 5 g  
E R  
The to ta l  d i sp lacement  of  the needle  under  an appl ied force F i s  
then 
Silicon  Bas e 
Fig. 2-9. Needle  Configuration  Used for Calculating  Displacement. 
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As an example,  consider a  needle  with  the  following  typical  dimensions: 
R = 1 mil 
a = 1/8 in. 2 
a, = 1/4 in. 
E = 1.7 X lo1* dynes/cm . 2 
In this  case: 
ny 8 x F2/3cm, (F in grams) 
A s  can  be  seen,  the  total  displacement  per  gram  load  is  approximately 
one  tenth of  a micron  which  is  very  small. In fact,  for  most  appli- 
cations,  the  displacement of the  needle  can  be  neglected  in  comparison 
to  the  displacement  of  the  housing  or  mechanical  configuration. 
The  relationship  between  stress  in  the  needle  tip  and  applied  force 
is  very  complicated.  This  problem  has  been  considered  by  a  number  of 
workers. 15-18 In order  to  calculate  the  effects  of  stress on junction 
properties,  it  is  necessary to know  the  stress  as  a  function of position 
in  the  needle  tip.  This  is a  formidable  problem,  the  solution f which 
is  not  at  present  worth  the  effort  required  to  obtain  it.  There  has 
been  some  success  with  the  evaluation of an indenter  point  in  contact 
with  a  planar  junction  structure. 15 
Since  the  function y (a), which  is of particular  interest  here, v 
is an exponential  function  of  stress,  the  maximum  stress  is  important. 
The  pressure on the  surface  under  the  contact is 18 
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where a is  the  r ad ius  o f  t he  con tac t  c i r c l e  and r i s  the  d i s t ance  from 
t h e  c e n t e r  t o  t h e  p o i n t  o f  i n t e r e s t .  The r ad ius  of contact,  a,  i s  18 
a =  
o r  
a = K(RF) , 1 / 3  
where v i s  Poisson ' s  ra t io .  The maximum s t r e s s  i s  then 
U 
3F 
277-a 
IlMX 
= -  
2 ,  
or 
U 
1 /3 
I M X  
= K2 F 
A t  h igh  s t r e s s  l eve l s  such  tha t  7 (a) = C exp(C2u) 
V 1 
(2. lo)  
For  very shal low junct ion depths  such that  the s t ress  i s  not  very dif-  
f e r e n t  from t h a t  a t  the  sur face ,  one  would expect the above formulas 
to  be reasonably accurate. 
The averag,e s t r e s s  on the needle  t i p  i s  
F 
r a  
= -  
a ave 2 .  (2.11) 
Note tha t  t he  ave rage  d i f f e r s  by a f a c t o r  of 2 / 3  from t h e  maximum. 
The e f f ec t ive  va lue  needed  in  making computations i s  somewhere between 
the average and the  maximum. 
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2.10  Electrical  Response of Silicon  Needle  Diodes  Under  Stress 
The  single  junction  silicon  needle  has  been  the  most  used  sensor 
in  this  study.  The  following  discussion  considers,  theoretically,  the 
electrical  response  of  such  devices  under  stress.  The  forward  and  re- 
verse  biased  current-voltage  characteristics of diodes  under  stress  are 
considered  in I. Both  the  "ideal"  and  generation-recombination  currents 
are  considered.  The  total  current  as  a  function  of  voltage  and  stress 
(stress  is  represented  by y (0)) for  a  uniformly  stressed  junction  is 
given  in E q s .  1.3 and 1.4. 
V 
0 
Generally  speaking,  the  most  promising  mode  of  operation  for  a 
diode  needle  sensor  is  the  constant  voltage  mode  in  which  the  diode 
current  is  used as the  stress  indicator.  The  current  is  exponentially 
related  to  stress  through y (a) while  the  voltage  is  linearly  related 
to  stress.  The  current is,  therefore,  more  sensitive  than  voltage. 
V 
For  the  present  purposes,  it  is  assumed  that  voltage  is  held  constant. 
Also, since  the  sensors  used  were  with  a  dc  bias  force,  the  approxi- 
mation 
C2a 
yV(o> = C1 e 
is  a  good  assumption.  The  current  can  be  written  as  follows 
c20  c20/2IT = K1 e + K2 e 9 (2.12) 
where K and K  are  constants  that  depend  on  the  magnitude  and  polarity 
of the  voltage,  unstressed  current,  crystal  orientation  and  temperature. 
1 2 
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Normally,  K  will  be  much  larger  than  K2  in  the  forward  biased  condition 
while K2 will  be  much  larger  than  K1  in  the  reverse  biased  state.  Since 
both  terms  in Eq. (2.12) have  the  same  functional  relationship  on u,  
only  one  term will  be considered  further,  i.e., 
1 
Clu I = K  e 3 (2.13) 
As  can  be  seen  from Eqs. (2.9)  and  (2.111, u is  expected  to  be 
proportional  to  F1I3.  If  the  total  junction  area  is  stressed,  then 
the  diode  current  is  functionally  related  to  force  as  follows: 
C P 3  I = K  e 3 (2.14) 
In  most  practical  sensors,  it  is  more  likely  that  only  a  part  of 
the  junction  is  stressed.  In  this  case,  if  A is the  total  junction  area 
and A  is  the  stressed  area,  the  current  is S 
A - AS 
A K +-K e 4 AT 5 
I=- AS  CF1I3 (2.15) 
The  stressed  area  is  related  to  the  radius  of  contact  by 
A = m a  . 2 S (2.16) 
The  contact  radius  is  proportional  to  F1I3  as  shown  in Eq. (2.7). 
Therefore, AS = F2I3.  The  current  is  then  related  functionally  to 
the  applied  force  as  follows: 
I = K 4 - K6F2I3 + K7F 213 eCF1/3 (2.17) 
, 30 
If A >> AS, Eq.  (2.17)  reduces  to 
213 eCP1’3 I = K   + K F  1 7  (2.18) 
In utilizing  the  needle  sensor  in  practical  transducers,  it  will 
be  necessary  to  calibrate  the  current-voltage  characteristics  as  a 
function  of  applied  force.  Although  the  functional  relationships  aid 
in  the  design  of  devices  and  understanding  of  their  behavior,  the 
approximations  made  in  the  theory  are  not  good  enough  and  the  models 
on which  they  are  based  are  not  accurate  enough  for  device  use.  This 
I 
does  not  mean,  however,  that  the  needle  sensor  is  not  good.  Like  almost 
all of the  conventional  transducer  sensors  that  are  commercially 
available,  they  must  be  calibrated  individually. 
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Sect ion  I11 
ACCELEROMETER DEVELOPMENT 
3.1 Introduct ion  and  Discussion 
One of  the  major  goa ls  of  th i s  s tudy  has  been  to  des ign ,  fabr ica te ,  
and demonstrate a laboratory accelerometer based on the  p iezojunct ion  
e f f e c t .  Emphasis has been placed on the si l icon needle sensor as t h e  
transducing element in the accelerometers.  Although a v a r i e t y  o f  con- 
f igurat ions have been s tudied,  they have a l l  been of t h e  diaphragm o r  
beam type. The configurat ion found to  be the best  i s  the double- 
diaphragm type. 
The genera l  case  of an accelerometer  based on the s i l icon needle  
sensor  i s  shown schemat ica l ly  in  F ig .  3 -1 .  A dc fo rce  b i a s ing  sp r ing  
dc  Biasing 
Spring 
Needle 
Sensor 
Fig.  3-1. Schematic of a General Accelerometer Util izing the Needle 
Sensor. 
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i s  shown in  the  f igure .  This  spr ing  can  be  anyth ing  from an  ac tua l  
spr ing to  the give of  the mechanical  housing holding the mass i n  place 
unde r  the  b i a s  fo rce  app l i ed  to  the  need le .  
As discussed in  Sect ion 2.4,  the displacement  of the needle under 
an  appl ied  force  F i s  
This displacement of the needle is impor tan t  in  the  dynamic opera t ion  of  
an accelerometer which uti l izes the needle sensor.  Although A@ i s  no t  
l i n e a r l y  r e l a t e d  t o  F, i t  i s  approximately l inear  for  small changes i n  
F.  It w i l l  be  assumed for  the  present  purposes  tha t  
F - K ~ Q  
where Ke i s  the equivalent  spr ing constant  of  the needle  which can be 
ca l cu la t ed  .from Eq. (2 .4) .  
The dynamic configurat ion for  the accelerometer  of  Fig.  3-1 is  
shown in   F ig .   3 -2 .  A s  shown i n  t h e  f i g u r e ,  K i s  the   e f f ec t ive   sp r ing  
constant of the biasing spring and the mechanical housing and M i s  
t h e  e f f e c t i v e  mass of  the  spr ing .  The resonant  f requencies  of t h e  
system are 
S 
S 
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Fig. 3-2. Mechanical  Equivalent  of an Accelerometer. 
If M << M, the  fundamental  frequency of Eq. ( 3 . 2 )  reduces  to 
S 
The  assumption  that Ms
Also, K will  normally 
S 
Using  the  example 
<< M  is  good  for  low  and  medium  g  accelerometers. 
be  much  less  than K . 
e 
of Section 2.4 for  the  needle  sensor  and  a  two 
gram  seismic mass the  lowest  possible  resonant  frequency (K = 0 )  is 
approximately 3.7 X 10 cps. An accelerometer  utilizing  this  needle 
S 
3 
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and  the  two  gram  weight  would,  therefore,  have  a  minimum  resonant 
frequency of 3.7 kc. 
In the  static  case  where  there is  no  mechanical  advantage  or 
disadvantage  obtained  from  the  device,  the  force on the  needle  is 
simply, 
F = M & + F o  (3 4 )  
where  g  is  the  acceleration  level  and F is  the  dc  bias  force. 
0 
3.2  Single-Diaphragm  Accelerometers 
The  single-diaphragm  accelerometer  consists of a  cylindrical 
seismic mass supported  by  a  circular  diaphragm  with  a  needle  sensor 
in  contact  with  the  diaphragm on the  side  directly  opposite  the mass. 
The  diaphragm  is  clamped  or  fixed  at  the  edges.  Figure 3-3 is  a 
sketch of  the  accelerometer. 
.The  deflection  of  the  center  of  the  diaphragm  is 
3 (Mg - F)  (m2 - 1) [a2 - b2  4a b a 
a -b  
2 2  2 
Q y =  - ( 2 2  1 (log i;) 1 9 (3 .5)  
4m Et 2 3  
where &I = displacement of the mass 
M = seismic mass 
m = reciprocal of Poisson's  ratio 
E = Young's  modulus of  diaphragm 
t = diaphragm  thickness 
g = acceleration  in g's. 
Equation (3.5) can  be  used  to  calculate  the  spring  constant of the 
diaphragm. 
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Seismic  Mass 
Diaphragm 
Needle  Sensor 
Fig. 3-3 .  Sketch of Single-Diaphragm  Accelerometer. 
The dc.  bias  force  can  be  applied  in  the  diaphragm  accelerometer 
by  simply  constructing  the  device so that  the  needle  is  exerting  the 
desired  force  against  the  diaphragm.  The  diaphragm  acts  in  this  case 
as  the  biasing  spring.  Figure 3 - 4  is  a  photograph of a  single-diaphragm 
accelerometer  in  which  the  diaphragm  is  used  as  the  biasing  spring. 
The  device  consists of a  brass  base  in  the  center  of  which  a  silicon 
needle  sensor  is  soldered,  a  glass  housing,  a  brass  diaphragm (2 mils 
thick), and  the  seismic  mass.  The  device is fabricated  by  first 
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Fig.  3 - 4 .  Photograph  of a Single-Diaphragm  Accelerometer. 
so lder ing  the  mass t o  t h e  diaphragm. The diaphragm i s  then epoxied to  
the glass  housing.  The next  s tep  i s  to  a t t ach  the  need le  senso r  to  the  
base.  This i s  done  by d r i l l i n g  a h o l e  t h e  s i z e  of the  needle  and 
so lder ing  the  needle  shank in to  the  base .  The f i n a l  s t e p  c o n s i s t s  o f  
epoxying  the base to the housing. During the curing cycle for t h e  
f i n a l  s t e p ,  a cons tan t  force  i s  maintained between the glass housing 
and the base to  create the  des i r ed  dc  b i a s  fo rce .  Electrical  contac t  
i s  made between t h e  diaphragm and the base. 
The needle  d iode  sensors  used  in  acce lerometers  of  th i s  type  were 
p r e s s e d  i n t o  t h e  b r a s s  diaphragm.  Subsequent tests of these accelerom- 
eters showed l a r g e  h y s t e r e s i s  a n d  d r i f t  e f f e c t s  w h i c h  were eventua l ly  
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t raced  to  the  p las t ic  deformat ion  of  the  brass  under  the  needle  poin t .  
Each t ime the devices were acce le ra t ed  to  a new h igh  acce le ra t ion  l eve l  
the devices  exhibi ted a new s e t  of electrica1.characteristics as a 
funct ion of  accelerat ion.  Since there  were no means provided for the 
adjustment of the dc bias force,  the devices usually failed by losing 
e l ec t r i ca l  con tac t  t o  the  need le  senso r .  
In addition to the above mentioned problems, the single-diaphragm 
accelerometers  were found to  be sensi t ive to  cross-axes accelerat ion.  
This w a s  not an unexpected result  since a cross-axes  acce lera t ion  
a p p l i e s  a l a r g e  moment on the diaphragm due t o  t h e  mass and height of 
t h e  seismic mass. 
Some improvements were incorporated into the single-diaphragm 
accelerometers.  One of  the improvements w a s  t o  u s e  s t a i n l e s s  s t e e l  
as t h e  diaphragm material .  Another improvement was the use of  an 
ad jus t ab le  b i a s  fo rce .  The l a t t e r  was accomplished by mounting the 
needle on the  end of a screw which was then threaded into the base.  
Since the needle  rotates  with respect  to  the diaphragm during the 
assembly operation, i t  was necessary  to  pul l  up on the diaphragm 
un t i l  t he  need le  was inse r t ed  to  the  des i r ed  he igh t  and then release 
the diaphragm to allow it t o  make contact  with the needle .  This  pre-  
vented breakage of the needle. 
Although the single-diaphragm accelerometer i s  r e l a t ive ly  easy  
to  construct ,  i t s  c ross -axes  sens i t i v i ty ,  e spec ia l ly  fo r  app l i ca t ions  
i n  t h e  low g range, make i t  u n a t t r a c t i v e  compared to  o ther  devices  
such as the double-diaphragm type. 
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3.3 Double-Diaphragm  Accelerometers 
The  double-diaphragm  accelerometer  was  designed  to  eliminate  the 
cross-axes  sensitivity  problems  associated  with  the  single-diaphragm 
type. A schematic  drawing of the  double-diaphragm  type  is  shown  in 
Fig. 3-5. The  second  diaphragm  prevents  the mass from  rotating  under 
cross-axes  acceleration. 
For  the  case  where  both  diaphragms  are  identical,  the  displacement 
of the mass is  given  by Eq. (3.5) with (Mg - F)  replaced  by  (Mg - F ) / 2 .  
Fig. 3-5. Schematic  of  Double-Diaphragm  Accelerometer. 
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In cases  where the-two diaphragms  are  different,  Eq. (3.5) must  be  applied 
for  each  diaphragm  with  (Mg - F) replaced  by (Mg - F - Q )  for  one  and Q 
for  the  other.  The two equations  are  then  solved  simultaneously. 
A variety  of  double-diaphragm  accelerometers  have  been  fabricated 
and  tested.  Based on the  results  obtained on the  single-diaphragm  type 
and  other  types,  it was decided  in  the  beginning  that an adjustable  dc 
bias  force  was  necessary.  Since  there  is  always  some  relaxation  of  the 
mechanical  housing  and  some  plastic  deformation  of  the  needle  and  its 
base,  the  adjustable  bias  was  incorporated  into  the  design.  Figure 3-6  
shows  a  schematic  representation f the  accelerometer  showing  the 
Silicon  Needle  Sensing  Element 
Needle (base) Pressure  Plate 
Double-Diaphragm 
Suspension 
Spring  and  Screw  Bias  Arrangement 
Fig. 3 - 6 .  Schematic  Representation of a  Double-Diaphragm  Accelerometer 
Showing  the  dc  Bias  Adjustment  Arrangement. 
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dc  bias  adjustment  arrangement.  For  this  type  of  arrangement,  the 
equivalent  spr ing constant  of the diaphragms and the spring i s  ob- 
tained by simply adding the spring constant of the bias spring, 
to  the  spr ing  cons tan t  of  the  d iaphragms,  i .e., 
%, ' 
Ke = Kd +IC,, . 
It should be noted that  
the diaphragms and mass 
the  needle  i s  mounted on  the  oppos i te  side of 
from t h e  b i a s  s p r i n g .  I f  i t  were  mounted 
behind the needle  and the needle  a l lowed to  move, the  resonant  f re -  
quency would be lowered considerably and the system would be extremely 
uns tab le .  
A cross-section view of a typical double-diaphragm accelerometer 
i s  shown in  F ig .  3 -7 .  The housings for these devices have been brass,  
with  10-32  screw  threads  on  the  bottom  for  mounting  purposes. The 
housing i s  electrical  ground  and  the  other  electrical  lead is 
at tached to  the needle  shank.  The shank of the needle sensor i s  
e l e c t r i e a l l y  i s o l a t e d  from the accelerometer housing. 
The diaphragms are soldered to  the center  housing r ing and the 
housing i s  put  together  with screws.  The needle  holder  i s  epoxied to 
the top housing piece.  The needle i s  mounted i n  a brass  rod (holder)  
by solder ing and the rod is  then  epoxied i n  t h e  h o u s i n g .  E l e c t r i c a l  
i n s u l a t i o n  i s  provided by the epoxy. In the device shown i n  F i g .  3-7, 
t h e  mass i s  a t t ached  to  the  diaphragms  by screws. This  can also be 
accomplished by epoxy o r  s o l d e r .  
Laboratory accelerometers were t e s t ed  bo th  s t a t i ca l ly  and  
dynamical ly  in  the Standards Laboratory a t  Langley Research Center, 
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Fig.  3 - 7 .  Cross-Section of a Typical  Double-Diaphragm  Accelerometer. 
Hampton, V i rg in i a .  In  these  t e s t s ,  a p o s i t i v e  a c c e l e r a t i o n  was such 
tha t  the  se i smic  mass pressed against  the needle sensor and a nega- 
t i ve  acce le ra t ion  r e l i eved  s t r e s s  on  the  need le .  
Three series of accelerometers of the double-diaphragm type have 
been f ab r i ca t ed  and t e s t e d .  A l l  t h r ee  se r i e s  were  o f  t h e  same general  
configurat ion as t h a t  shown in  F ig .  3-7. The f i r s t  s e r i e s  u t i l i z e d  a 
gold  p la ted  s ta in less  s tee l  p ressure  p la te  (base)  for  the  s i l i con  
needle.  The needle  sensors  in  th i s  se t  d id  not  have  any  meta l  contac t  
material on t h e  t i p  o f  t h e  n e e d l e ,  i . e . ,  e l e c t r i c a l  c o n t a c t  was made 
by the  s i l i con  need le  t i p  in  contac t  wi th  the  gold  p la ted  s tee l .  
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Figure 3-8 is  a photograph of one of the accelerometers  of - the  
f i r s t  s e r i e s .  These devices  had a 2 gram mass. The top of t h e  
accelerometer w a s  designed to  acconrmodate a Microdot connector for 
electrical contact.  These devices were tested by using the current a t  
a cons tan t  vo l tage  as a measure of  the accelerat ion.  Figure 3-9 i s  
a p l o t  of AI as a funct ion of acce le ra t ion  wi th  a r e v e r s e  b i a s  v o l t a g e  
o f  -15 v o l t s .  The curve is  a copy of the data as recorded on an x-y 
p l o t t e r .  As can be seen in Fig.  3-9, t h e r e  is  a h y s t e r e s i s  i n  t h e  
c h a r a c t e r i s t i c s .  The c u r r e n t  d i d  n o t  r e t u r n  t o  i t s  o r ig ina l  va lue  
fol lowing an accelerat ion to  a new h igh  l eve l .  When t e s t e d  a t  accel-  
e r a t i o n  l e v e l s  below some previous level,  the loop was found t o  c l o s e  
a t  zero  g.  Another  example o f  t he  hys t e re s i s  e f f ec t  i n  ano the r  dev ice  
i s  shown in Fig.  3-10.  The top curve i s  t h e  first run  and  the  bottom 
curve is the second run. 
Tests o f  c ros s -axes  sens i t i v i ty  showed tha t  t he  dev ices  had a 
c ross -axes  sens i t i v i ty  o f  l e s s  t han  1% o f  t h a t  i n  t h e i r  s e n s i t i v e  a x i s .  
Figure 3-11 i s  a p l o t  of s e n s i t i v i t y  a t  a constant  g l e v e l  as a function 
of  frequency. A s  shown, the resonant frequency was approximately 3 KC. 
This i s  s l i g h t l y  lower  than  ca lcu la ted  ear l ie r .  This  was expected 
s ince  the  p re s su re  p l a t e  was s . t a in l e s s  s t ee l  and  not  s i l i con  as had 
been assumed i n  t h e  c a l c u l a t i o n s .  
Aside from t h e  h y s t e r e s i s  e f f e c t s  i n  t h e  f i r s t  s e t  o f  d e v i c e s ,  t h e  
s e n s i t i v i t y  w a s  much lower than expected. A ca re fu l  ana lys i s  o f  t he  
t e s t  r e s u l t s  showed t h a t  t h e  low s e n s i t i v i t y  and much o f  t he  hys t e re s i s  
e f f e c t s  r e s u l t e d  from p l a s t i c  d e f o r m a t i o n  o f  t h e  s t a i n l e s s  s t e e l  
p re s su re  p l a t e .  
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Fig. 3-8. Photograph of a Double-Diaphragm Accelerometer  with a 
2 gram mass. 
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Fig. 3-9. Change  in  Current (V = -15 volts) as a  Function of 
Acceleration for the  Accelerometer  Shown  in Fig. 3-8. 
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Fig.  3-10.  Change  in  Current as a  Function  of  Acceleration for an 
Accelerometer of the  First  Series. 
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Fig.  3-11. Plot of Sensitivity as a Function of Frequency for 1 g  and 10 g Sinusoidal 
Accelerations. 
The second set of  devices  that  were fabricated and tes ted were 
i d e n t i c a l  w i t h  t h e  f i r s t  set excep t  t he  p re s su re  p l a t e  was made of 
gold  p la ted  s i l icon .  This  made the mechanical  propert ies  of t h e  
pressure plate  and the sensor  ident ical .  Again,  these devices  did 
not  u t i l i ze  any  meta l  on  the  t i p  of  the s i l icon needle .  Although 
several  of  these devices  were fabricated,  a l l  but one was broken 
while  being t ransported to  LRC f o r  t e s t i n g .  The  one  remaining  device 
was t e s t e d  w i t h  t h e  a i d  o f  t h e  c i r c u i t  shown i n  F i g .  3-12 .  The o f f -  
set o r  b i a s  v o l t a g e  Vo i s  the  vo l t age  r equ i r ed  in  se r i e s  w i th  the  
recorder  to  g ive  a zero voltage under zero g a c c e l e r a t i o n .  V i s  the  
ba t t e ry  vo l t age .  AV i s  t h e  change i n  v o l t a g e  a c r o s s  t h e  10 K r e s i s t o r  
due t o  a c c e l e r a t i o n .  
Figure 3-13  i s  the  ac tua l  r eco rde r  p lo t  of AV as a function o f  
acce le ra t ion  fo r  s eve ra l  r eve r se  b i a sed  cond i t ions .  A s  shown., t h e  
a c c e l e r a t i o n  was from -5 t o  +5 g ' s .  The v e r t i c a l  s c a l e  f o r  AV i s  
1 v o l t  p e r  major  divis ion (1 inch) .  A s  shown i n  F i g .  3-13 ,  both the 
s e n s i t i v i t y  and t h e  h y s t e r e s i s  e f f e c t  i n c r e a s e s  w i t h  r e v e r s e  b i a s  
vol tage.  
The forward  biased mode i s  shown in  F ig .  3 - 1 4 .  Again,  the 
sens i t i v i ty  inc reases  wi th  b i a s  vo l t age .  No te  in  F ig .  3-14  t h a t  two 
curves  a re  shown f o r  V = 0 . 4  v o l t s .  The lower 0.4 vol t  curve  was 
s l i g h t l y  o f f s e t  w i t h  t h e  r e c o r d e r  z e r o  and represents  four  consecut ive 
runs  to  show t h e  r e p e a t a b i l i t y .  A s  can be seen by  comparing  Fig. 3-13 
with 3-14 ,  t h e  h y s t e r e s i s  e f f e c t  i s  v i r t u a l l y  n o n - e x i s t e n t  i n  t h e  
forward biased case. 
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Fig.  3-12. Circuit Used to Test Accelerometers. 
49 
. . . . . . . ._ - . . . ... . "_ .. 
2 
-5 -4 -3 - 2  -1 0 1 2 3 4 5 
Acceleration (g's) 
Fig. 3-13. Recorder  Plot  of AV as a  Function  of  Acceleration for the 
Reverse  Biased  Mode.  The  Vertical  Scale is 1 volt/major division. 
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F i g .  3-14. Recorder Plot of  AV as  a  Function of Acceleration. The  De- 
v i c e  was Operated in the Forward Biased Mode.  The Vertical 
Scale  i s  30 mv/major divis ion.  
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Figure  3-15 i s  a r e c o r d e r  p l o t  o f  s e n s i t i v i t y  f o r  a reverse b i a s  
o f  -15 v o l t s  f o r  a c c e l e r a t i o n  a l o n g  t h e  s e n s i t i v e  a x e s  a n d  a l o n g  t h e  
t r ansve r se  axes. 
The t h i r d  set  o f  d e v i c e s  u t i l i z e d  t h e  g o l d  p l a t e d  s i l i c o n  p r e s s u r e  
p l a t e .  In  add i t ion ,  t he  need le  t i p  was coated with an uncured in- 
s u l a t i n g  epoxy p r i o r  t o  i n s t a l l a t i o n  o f  t h e  n e e d l e  i n t o  t h e  h o u s i n g .  
The needle point punched through the epoxy when t h e  b i a s  f o r c e  w a s  
appl ied .  The idea  he re  was to  add mechanical  support  to  the needle  
e spec ia l ly  fo r  t r ansve r se  mot ions .  Also, t h e  epoxy  should  provide 
some h e a t  s i n k  e f f e c t s .  As one might expect, the devices were plagued 
with poor  e lectr ical  contacts .  These poor  contacts  were experienced 
even though gold was p la t ed  on  the  need le  t i p s  p r io r  t o  the  epoxy. 
F igure  3-16 i s  a photograph of one of the accelerometers of the 
above type.  This  par t icular  device was designed t o  respond to low  g 
acce le ra t ions  by making the  r ad ius  o f  cu rva tu re  o f  t he  need le  t i p  
smaller than  the  prev ious  devices .  F igure  3-17 i s  a photograph  of 
the forward and reverse c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  
accelerometer under 0 and + 1 g acce le ra t ions  - -  A = -1 g, B = 0 g, 
C = + 1 g .  The vertical  scale i s  0.1 maldivis ion for  both the forward 
and reverse modes.  The ho r i zon ta l  s ide  i s  0.5 v o l t s / d i v i s i o n  f o r  t h e  
forward  and -5 v o l t s / d i v i s i o n  f o r  t h e  r e v e r s e  mode.  The non- l inea r i ty  
o f  t he  p i ezo junc t ion  e f f ec t  can  eas i ly  be  seen  in  F ig .  3-17 where, f o r  
a constant voltage,  the current change between 0 and -1 g is seen to  be 
smaller than the change between 0 and + 1 g. 
- 
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Fig. 3-15. A Recorder Plot  of Sensitivity for a Reverse Bias of -15 Volts for Acceleration 
Along the Sensitive Axes and Along the Transverse Axes. 
Fig.  3-16.  Photograph of a Double-Diaphragm  Accelerometer. No 
Microdot Connector i s  Provided. 
Fig.  3-17. Current-Voltage Characterist ics of t h e  + 1 g Accelerometer 
Shown in Fig.  3-16.  A = -1 g, B = 0 g and C = + 1 g.  
The V e r t i c a l  S c a l e  i s  0.1 ma/div. for Both Forward and 
Reverse Modes.  The Hor izonta l  Sca le  i s  0.5 V/div.   for 
Forward and -5 Vldiv. for Reverse Mode. 
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Figure 3-18 shows a recorder  plot  of  AV as a funct ion of  accelerat ion 
for  severa l  reverse  b iased  condi t ions .  The c i r c u i t  shown i n  F i g .  3-12  
was aga in  used  to  t e s t  t h i s  dev ice .  No te  tha t  t he  hys t e re s i s  e f f ec t s  
were also present  with these devices  and as before  was found t o  i n c r e a s e  
wi th  an  increase  in  b ias  vo l tage .  
Figure 3-19 shows a p l o t  o f  frequency as a funct ion of  accelerat ion 
for the above accelerometer.  The o s c i l l a t o r  c i r c u i t  u s e d  h e r e  i s  d i s -  
cussed in  Sect ion 5.4. An 18 vol t  supply was used and a 0.001 pf  
capac i to r .  A s  shown i n  F i g .  3 - 1 9 ,  t h e  s e n s i t i v i t y  is approximately 
1 . 4  KC/g. 
3 . 4  Beam Accelerometers 
Another possible mechanical configuration for accelerometers which 
u t i l i z e  a needle  sensor  or . indenter  point  junct ion combinat ion i s  a 
c a n t i l e v e r  beam arrangement. A detailed discussion of such an arrange- 
ment for  use  as  a force and displacement transducer i s  g iven  in  Sec t ion  
4 . 3 .  The mechanical force in the arrangement discussed in Section 4 . 3  
i s  simply replaced by a mass under  accelerat ion for  accelerometer  
a c t i o n .  The mass can  be  the mass of the beam, a  mass a t tached  to  the  
beam, or  bo th .  
Laboratory accelerometers  of  the cant i lever  beam type have been 
investigated.  These devices were found t o  be extremely fragile and 
easi ly  broken.  The resonant  f requency of  the cant i lever  beam acce le r -  
ometers i s  low ( t y p i c a l l y  l e s s  t h a n  1 KC). The major advantages are 
i t s  s i m p l i c i t y  and range. The beam can  be  used e i t h e r  t o  g i v e  a 
mechanical advantage or disadvantage and hence a large range of  devices  
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Fig. 3-18. A Recorder  Plot o f  AV as a Function of  Acceleration for  
Several  Reverse  Biased  Conditions. 
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Fig.  3-19.  Frequency vs Acceleration  for  the  Accelerometer  Shown  in 
Fig. 3-16.  The  Unijunction  Oscillator was Used. 
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is  poss ib le .  Low g  beam devices  are t y p i c a l l y  s e n s i t i v e  t o  c r o s s - a x i s  
acce le ra t ions ,  however, th is  can be kept t o  a minimum by using wide 
beams. 
3 . 5  Discussion  and Summary 
Accelerometers of the single-diaphragm, double-diaphragm and 
beam types  have  been  designed,  fabricated  and tes ted .  Of the  types  
studied, the double-diaphragm type i s  d e f i n i t e l y  t h e  b e s t  s u i t e d  
conf igu ra t ion  fo r  u se  wi th  s i l i con  need le  senso r s .  The double-diaphragm 
accelerometer is, however, t h e  most d i f f i c u l t  t o  c o n s t r u c t .  A s  demon- 
s t r a t e d  by the data  presented herein,  accelerometers  can be fabricated 
i n  t h e  r a n g e  + 1 g t o  + 100 g.  This does not imply that these are the 
l imi t ing  r anges .  In  f ac t ,  i t  should  be  possible  to  extend  both  ends 
by an order of magnitude by choosing the proper radius of curvature 
for the sensor and the proper mass. Resonant frequency can also be 
extended by making the  b i a s  sp r ing  s t i f f e r  and  r educ ing  the  mass both 
o f  which a r e   w i t h i n   p r a c t i c a l   r e a l i z a t i o n .  
- - 
The major problem with the devices that were tested was t h e  
h y s t e r e s i s  e f f e c t s  i n  t h e  o u t p u t  s i g n a l  as a func t ion  of  acce lera t ion .  
The use of  steel  pressure  plates (bases for  the  needle)  was found t o  
cause  l a rge  hys t e re s i s  e f f ec t s  and  non- rep roduc ib i l i t y  in  the  
cha rac t e r i s t i c s .  Th i s  was not  unexpec ted  s ince  the  y ie ld  s t rength  
o f  steel  i s  less than the stress levels needed to produce the piezo- 
junc t ion  e f f ec t .  
The u s e  o f  s i l i c o n  a s  t h e  p r e s s u r e  p l a t e  ma te r i a l  was found to 
r educe  the  hys t e re s i s  e f f ec t  and r e s u l t e d  i n  r e p r o d u c i b l e  c h a r a c t e r i s t i c s .  
An ana lys i s  o f  t he  da t a  on t h e  a c c e l e r o m e t e r s  u t i l i z i n g  t h e  s i l i c o n  
sa 
,.. , 
pres su re  p l a t e s  shows t h a t  t h e  h y s t e r e s i s  e f f e c t  i s  d i r e c t l y  r e l a t e d  t o  
t h e  s e n s i t i v i t y  of the  devices .  "he g r e a t e r  t h e  s e n s i t i v i t y ,  t h e  
g r e a t e r  t h e  h y s t e r e s i s  e f f e c t .  
Although it i s  not  shown i n  t h e  d a t a ,  i t  was observed  tha t  the  
h y s t e r e s i s  e f f e c t s  were time  dependent. The hys te re s i s  l oops  were 
found t o  b e  smaller when a few minutes were al lowed to  e lapse a t  each 
acce le ra t ion  level. The t i m e  requi red  to  reach  equi l ibr ium w a s  
approximately 1 t o  2 minutes.  A s  shown by the  da t a ,  when the  accel- 
e ra t ion  was in  the  d i r ec t ion  o f  i nc reas ing  fo rce  on  the  need le ,  t he  
cu r ren t  w a s  g r e a t e r  on the decending accelerat ion curve than it was 
on the ascending portion of the curve.  For a nega t ive  acce lera t ion ,  
the  cur ren t  was g r e a t e r  when t h e  s t r e s s  on the needle  was b e h z  de- 
creased than i t  was when s t r e s s  was being increased. 
A t  a f i r s t  g lance ,  one  might  suspec t  tha t  the  hys te res i s  e f fec t  
i s  a resu l t  o f  the  c rea t ion  of  genera t ion- recombina t ion  centers  in  
the junct ion of  the sensor .  This  model was o r ig ina l ly  p re sen ted  as t h e  
mechanism re spons ib l e  fo r  t he  p i ezo junc t ion  e f f ec t .  The t i m e  dependence 
i s  of the correct order of magnitude for such a mechanism.  Consider 
the creat ion of  generat ion-recombinat ion centers  which appear  with 
some very  small time cons t an t  a s  stress i s  applied and which anneal 
ou t  wi th  a time constant  T a f t e r  stress i s  r e l i e v e d .  I f  T i s  much 
l e s s  t han  the  t ime  r equ i r ed  to  inc rease  and decrease the force on the 
needle,  then there would be no difference observed in the magnitude of 
t he  cu r ren t  between an increasing and decreasing force. On the  o the r  
hand, i f  T i s  equal  to  or  greater  than the t ime required to  increase 
and decrease the force,  then a h y s t e r e s i s  e f f e c t  would be present in 
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t h e  c u r r e n t - f o r c e  c h a r a c t e r i s t i c s .  I n  t h e  l a t t e r  c a s e ,  i f  f o r c e  were 
first increased and then decreased, the generation-recombinatton centers 
introduced during the force increasing per iod would remain during the 
decreasing portion of the cycle and would t h e r e f o r e  r e s u l t  i n  a higher  
cur ren t  va lue .  Now i f  f o r c e  i s  decreased  and  then  increased,  any 
generat ion-recombinat ion centers  in  the mater ia l  a t  the  t ime the  cyc le  
is  i n i t i a t e d  would not have time to anneal out before they were re- 
introduced,  the resul t  being no ne t  change  in  the  cu r ren t .  A s  shown 
i n  t h e  a c c e l e r a t i o n  d a t a  i n  F i g .  3-13, the above conclusions are not 
observed. In the compression mode the  loop  c loses  a t  zero  g  and t h e r e  
i s  a h y s t e r e s i s  p r e s e n t  i n  t h e  s t r e s s  r e l i e v i n g  mode.  The c rea t ion  
of generation-recombination centers as a mechanism i s  the re fo re  ru l ed  
out  as a c a u s e  o f  t h e  h y s t e r e s i s .  I f  t h i s  mechanism was the cause of 
t h e  h y s t e r e s i s  t h e n  i t  would be a fundamental  l imitation on the 
piezojunct ion phenomenon. 
The obse rved  hys t e re s i s  e f f ec t  i s  be l ieved  to  be  a r e s u l t  of 
p las t ic  deformat ion  or  non-e las t ic  behavior  of  the  pressure  p la te  
ma te r i a l .  I f  the  p las t ic  deformat ion  were  in  the  needle  i t  would re -  
s u l t  i n  permanent changes i n  t h e  c u r r e n t  o r  a t  leas t  genera t ion-  
recombination centers as discussed above would be created. The contact  
area between the needle and pressure plate  and t h e  s t r e s s  i n  t h e  
needle would both be affected by p l a s t i c  de fo rma t ion  o r  c reep  e f f ec t s  
i n  the  con tac t  r eg ion .  These  e f f ec t s  would r e s u l t  i n  changes i n  t h e  
cu r ren t .  It would  be a formidable  task  to  pred ic t  the  e f fec t  on 
cu r ren t  s ince  A and d e n t e r  i n t o  t h e  c u r r e n t  r e l a t i o n s h i p  i n  a com- 
plex manner, and a l so  the  e f f ec t  o f  t he  non-e l a s t i c  behav io r  on A 
and u i s  no t  known. 
S 
S 
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It can be concluded, however, t h a t  i f  a ma te r i a l  which is  harder  
t h a n  s i l i c o n  i s  used as the  pressure  p la te ,  then  any  plast ic  deformation 
o r  c r e e p  would  be l imi t ed  to  the  s i l i con  need le .  Th i s  shou ld  r e su l t  
i n  a n  i n c r e a s e d  s e n s i t i v i t y  of the needle sensor. Although time did 
not  permi t  the  tes t ing  of  the  hypothes is  in  acce lerometers ,  it was 
checked i n  a force transducer.  The s i l i c o n  p r e s s u r e  p l a t e  was replaced 
by gold  p la ted  quar tz  wi th  the  resu l t  tha t  the  hys te res i s  e f fec t  w a s  
e l imina ted  wi th in  the  measurement c a p a b i l i t y  of the measuring instru- 
ments which was on the order  of  1%. 
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Sect ion Iv 
OTHER TRANSDUCERS 
4.1 In t roduc t ion  
The bas i c  s i l i con  need le  senso r  can  be used as the sensory element 
i n  a hos t  o f  t ransducer  appl ica t ions .  The conf igura t ions  for  employing 
the s i l icon needle  sensor  to  measure such parameters  as force ,  d i s -  
placement and pressure are l imited only by the imaginat ion.  Several  
o f  the  more convent iona l  conf igura t ions  a re  d iscussed  in  the  fo l lowing  
paragraphs. 
4.2 Direct Coupled  Force  and  Displacement  Transducer 
The s implest  method fo r  u t i l i z ing  the  need le  senso r  to  measure 
force  and  displacement i s  the  direct   coupled  device.   Here,   force i s  
app l i ed  d i r ec t ly  to  the  need le .  F igu re  4-1 shows a sketch of such a 
device.  The sp r ing  i s  used to produce a dc biasing force on the needle  
sensor .   This   device   cons is t s   o f  a cyl inder ,  a p i s ton ,  which f i t s  
c lose ly  in to  the  cy l inde r ,  and a rod through which the displacing 
fo rce  i s  coupled t o  t h e  p i s t o n .  The needle sensor i s  he ld  by  the  
p i s t o n  so as t o  r e c e i v e  t h e  a p p l i e d  f o r c e .  
The r e l a t i o n s h i p  between applied force and displacement i s  given 
by 
FLr 
ErAr p p 
FL 
E A  
ax=- + -  + AY, , 
where = Total  displacement a t  end  ofconnecting  rod. 
F = Displacing force.  
'r, p 
E = Moduli  of e l a s t i c i t y  of connecting  rod  and  piston. 
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Fig.  4-1.   Piston Type Displacement  Transducer. 
Lr' p L = Length of rod and piston. 
Ar,  A = Cross-sectional area of rod and piston. 
P 
Ayn = Displacement of needle. 
The displacement of the needle i s  g iven  in  Sec t ion  2 .4 .  
The d isadvantage  to  th i s  des ign  i s  t h e  f r i c t i o n  i n  t h e  c y l i n d e r .  
Also,  this  design i s  susceptible to shock breakage of the needle.  
4.3  Cantilever  Transducer 
The can t i l eve r  beam concept i s  readi ly  adaptab le  for  use  wi th  the  
si l icon needle to measure force and displacement.  The basic configu- 
r a t i o n  i s  shown i n  F i g .  4 - 2 .  I f  F i s  the  appl ied  force  on  the  end of a 
t h e  beam, then  the  force  on  the  needle  (F,) i s  
F = F  (3L - a) n  a 2a ' 
F 
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Fig.   4-2.   Sketch  of   Cant i lever  Beam Force  Sensor. 
where L i s  the  length  of  the  beam and a i s  the  d i s t ance  from the  can t i -  
l e v e r  t o  t h e  n e e d l e .  The de f l ec t ion  of  t h e  end o f  t he  beam,  Ay, i s  
where E i s  Young's modulus o f  t he  beam, W i s  the  wid th  of  the  beam, and 
h i s  the  beam height.  Equation  (4.3)  neglects  the  compression  of  the 
needle. This assumption w i l l  be good f o r  t h i n  beams where Ay i s  i n  t h e  
micron range. 
For  the  case  of  shor t  th ick  beams, the compression of the needle 
must  be accounted for .  In  this  case,  i f  Ayn is  the displacement of 
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the  needle ,  then 
The displacement 'Ayn is  of  course  a funct ion of  F as d i s c u s s e d  i n  
Sec t ion  11. The de f l ec t ion  Ay can be solved by combining Eq.  (4.4) 
n 
with the fol lowing expression 
4FaL3 2Fna 2 
EWh3 Em3 
Ay=--- (3L - a) . (4 .5 )  
There a re  severa l  advantages  of  the  cant i lever  beam over d i rec t  
coupled  needle  sensors.  A s  can  be  seen from  Eq. ( 4 . 2 ) ,  t he re  i s  a 
mechanical advantage which amplifies the force being measured. 
Amplif icat ions as high as 10  can  be  pract ical ly   real ized.   Also,   the  
needle  posi t ion can be interchanged with the force appl icat ion posi t ion 
t o  g i v e  a mechanical disadvantage. The l a t t e r  can be mathematically 
described by simply interchanging F with Fn i n  Eq. (4.2).  a 
A second advantage of the cantilever beam arrangement over direct  
coupled transducers i s  i t s  abi l i ty  to  withstand mechanical  shock.  
Shock i n i t i a t e d  a t  t h e  end of  t he  beam i s  a t t enua ted  to  some exten t  
before  i t  reaches the needle  sensor .  Care must  be exercised in  the 
design, however, t o  make s u r e  t h e r e  i s  no side motion on the beam. 
The practical design of a c a n t i l e v e r  beam force t ransducer  re- 
qui res  tha t  the  phys ica l  d imens ions  of  the  beam be considered as w e l l  
as the  need le  sens i t i v i ty  and  app l i ed  fo rce .  As a force t ransducer ,  
Eq. (4 .2 )  indicates  an  independence from beam dimensions.  There  are 
c e r t a i n  p r a c t i c a l  limits to  an acceptable  displacement  of  the beam. 
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Also, a prac t ica l  t ransducer  requi res  some means for  apply ing  a dc 
b ias ing  force  on the needle  s ince a needle sensor requires an approx- 
imate   s t ress   o f  10 dynes/cm before  the electrical c h a r a c t e r i s t i c s  a r e  
a l t e r e d .  One method for applying the dc  biasing stress is shown i n  
Fig.  4 - 3 .  There  are,  of course, many o the r  ways t o  c r e a t e  t h e  dc 
b i a s ing  fo rce .  
9 2 
A typical  needle  sensor  has  a force-sens i t ive  range  from  a threshold 
of approximately 2 grams t o  a maximum of 30 grams. A s  a design example, 
assume t h a t  i t  i s  desired t o  design a cant i lever  force  t ransducer  to 
measure  forces  over  the  range  of 0 t o  5 grams. A s  can  be  seen  from 
Eq. ( 4 . 2 ) ,  a r a t i o  of 1/3 f o r  a / L  w i l l  g i v e  20 grams on the  needle  for  
Fig.  4 - 3 .  Cantilever Transducer with a dc Biasing Force.  
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5 grams  on t h e  end of  the  beam. A dc b ias  load  of 5 grams w i l l  put  
t he  need le  in  the  sens i t i ve  r ange .  This w i l l  g ive  the  needle  an  
operating range of 5 t o  25 grams. 
A s  a design example of a cant i lever  displacement  t ransducer ,  
suppose it  i s  desired to measure displacements over the range 0 t o  40 
microns.  Further,  assume that the maximum f o r c e  t h a t  is ava i lab le  wi th-  
ou t  i n t e r f e r ing  wi th  the  sys t em to  be  measured i s  1.5 grams. Consider 
a s t a i n l e s s  s teel  beam with the following parameters:  
L = 1 1 2  i n .  
W = 118 i n .  
h = .010 i n .  
a = 0.05 i n .  
6 E = 29 X 10 p s i  , 
From Eq .  ( 4 . 2 ) ,  
AY = ( 4 3 . 2  micronslgm)  Fa. 
A one-gram load w i l l  g ive 43 .2  microns in displacement which meets 
the  displacement  requirements. The one gram load w i l l  r e s u l t  i n  a 
force of  30  grams  on the  need le .  The displacement of the needle i s  
negl igible  in  these examples .  
4.4 Pressure  Sensors  
These are  b a s i c a l l y  two methods fo r  f ab r i ca t ing  p res su re  t r ans -  
ducers  which u t i l i z e  t h e  p i e z o j u n c t i o n  phenomenon.  Both methods u t i -  
l i z e  a diaphragm to  t r ansmi t  t he  fo rce  to  the  p-n junction device.  
The f i r s t  method u t i l i z e s  t h e  n e e d l e  s e n s o r  i n  d i r e c t  c o n t a c t  w i t h  
the diaphragm while the second method u t i l i z e s  a coupling pin between 
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t h e  diaphragm and the p-n junction device. Both methods are shown 
schemat i ca l ly  in  F ig .  4 - 4 .  
The diaphragm in  these  pressure  sensors  can  be  made from such 
materials as s t a i n l e s s  s t e e l ,  q u a r t z  o r  s i l i c o n .  The l a t t e r  h a s  
proved to be one of the best  materials t o  u s e  i n  t h e  p r e s s u r e  s e n s o r  
i n  which the  need le  senso r  is  used. 
The de f l ec t ion  a t  the  cen te r  of a clamped diaphragm Ay, under 
a uniform pressure i s  
2 4 
2 3  AY, - 
- - 3p (m - 'la (edges  fixed) , 
16Em t 
where P = Pressure  p e r  u n i t  a r e a .  
m = r ec ip roca l  o f  Po i s son ' s  r a t io .  
a = rad ius  o f  diaphragm. 
E = Young's modulus of diaphragm. 
t = diaphragm thickness. 
The de f l ec t ion  a t  the  center  of  a clamped  diaphragm Ay under a po in t  
load i s  
n 
where F i s  the  poin t  load .  The above  equations 
de f l ec t ions  less than  ha l f  the  th ickness  of t h e  
a r e  good fo r  diaphragm 
diaphragm. 
The force  on the needle  or  coupl ing pin (where the  r ad ius  of t h e  
coupl ing pin i s  << a )  i s  
PTa 2 
4 .  
F = -  
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Diaphragm 
Needle 
Sensor 
(.a) Sil icon  Needle  Pressure  Sensor 
Diaphragm 
Coupling 
P in  
p - n Junct ion 
Sensor 
(b) Coupling  Pin  Pressure  Sensor 
F ig .  4 - 4 .  Piezojunct ion   Pressure   Sensors .  
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If the diaphragm i s  no t  t oo  l a rge  in  r ad ius  and  is reasonably thick,  
i t  can be used to apply the dc bias force needed on the p-n junc t ion  
sensors .  For  example, if a s t a i n l e s s  s teel  diaphragm i s  used  with 
t = 2 m i l s ,  a = 0.2 in . ,  a b ias ing  force  of  10 grams can be placed on 
the needle  by forcing i t  against  the diaphragm with only an 0.8 m i l  
d e f l e c t i o n .   I n   t h i s  example, a p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e  
diaphragm of 1 p s i  w i l l  apply a force of  1 4 . 3  grams on the  sensor  
which i s  in  the  proper  range  for  the  needle  sensor  to  opera te .  
Pressure  t ransducers  u t i l i z ing  both  the  coupl ing  p in  and  the  
needle  sensor  have been fabricated and tes ted.  One of the major ad- 
vantages of  the coupl ing pin method i s  that  complicated mult i junct ion 
sensors can be used whereas in needle sensors only one junction i s  
p resen t ly   ava i l ab le .  
A di f fe ren t ia l  p ressure  t ransducer  of  the  coupl ing  p in  type  has  
been f a b r i c a t e d  i n  which the  p-n junction sensor was a four - layer  
switch.  The switch was made using the planar  process  with a s i n g l e  
window as  desc r ibed  in  Sec t ion  11. 
The t ransducer  cons is t s  o f  a brass housing, a b ra s s  diaphragm, 
i n l e t  and o u t l e t  p o r t s ,  a s t a in l e s s  s t ee l  need le ,  and  a planar  four-  
l aye r  swi t ch  in  ch ip  form.  These  components were used to form th ree  
major  assemblies  which were then integrated into the f inal  t ransducer  
shown schemat ica l ly  in  F ig .  4- 5. 
The diaphragm was c u t  from 2 m i l  b r a s s  sh im s tock  and  f i t t ed  to  
one end of  the  brass  inner  hous ing .  The o the r  end o f  t h i s  i n n e r  
housing was d r i l l e d  t o  accommodate an  insu la ted  pos t  conta in ing  the  
sensing element and to accommodate t h e  low pressure  por t .  The ou te r  
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ducer.  
housing was machined so tha t  the  inner  hous ing  (conta in ing  the  
diaphragm)  would f i t  c l o s e l y  i n t o  i t .  One end of  the outer housing 
was f i t t e d  w i t h  a b r a s s  i n l e t  t u b e .  The brass  diaphragm and the inlet  
and o u t l e t  p o r t s  w e r e  a l l  connected using lead soldering techniques.. 
The sensing element was made by mounting the  ch ip  con ta in ing  the  
four-layer switch onto one end of a brass post which was machined t o  
f i t  c l o s e l y  i n t o  a 3/8  inch O.D. g lass  tube .  The chip was h e l d  i n  
place by conductive epoxy. The end of the  brass  pos t  oppos i te  the  
s i l i c o n  c h i p  was machined i n t o  a t e rmina l  fo r  e l ec t r i ca l  connec t ion .  
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me purpose of  the glass  was t o  e l e c t r i c a l l y  i n s u l a t e  t h e  p o s t  from 
the remainder  of  the t ransducer .  
A steel  needle  was epoxied t o  t h e  s i l i c o n  c h i p  t o  t r a n s m i t  t h e  
fo rce  from the diaphragm to the four- layer  switch.  Armstrong epoxy 
resin was used. 
The f i r s t  s t e p  i n  t h e  i n t e g r a t i o n  o f  t h e s e  a s s e m b l i e s  was t o  
place the inner  housing into the outer  housing leaving a small chamber 
between t h e  i n l e t  p o r t  and the diaphragm. The two housings were 
bonded together by epoxy r e s in .  The sensing element was then placed 
in to  the  g lass  insu la tor  and  epoxied  in  p lace .  Conduct ive  epoxy was 
placed on the  bare  end of  the s teel  needle  and the complete  sensing 
element  assembly lowered into the inner  cyl inder  unt i l  e lectr ical  con- 
tact  was made between the  need le  and the diaphragm. Once contac t  was 
made, a n  i n i t i a l  f o r c e  was produced by lowering the sensing element 
assembly s t i l l  fur ther  in to  the  inner  hous ing .  A photograph  of  the 
device i s  shown i n  F i g .  4-6 . 
Fig .  4-6. Four-Layer  Switch  Pressure  Transducer. 
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The completed pressure transducer was c a l i b r a t e d  by connecting the 
four- layer  sensing element  in  a r e l a x a t i o n  o s c i l l a t o r  c i r c u i t  ( s e e  
Sect ion V) and applying a known p r e s s u r e  t o  t h e  i n l e t  p o r t .  The o u t l e t ,  
o r  low pressure port ,  was 'vented to  the atmosphere.  The c e n t e r  o r  
zero pressure frequency of t h e  o s c i l l a t o r  was 91 kc. A frequency 
change of 20 kc w a s  obtained with a pressure change of 0 t o  4 p s i .  
The c a l i b r a t i o n  c u r v e  o b t a i n e d  i n  t h i s  manner i s  shown in  F ig .  4-7. 
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Cal ib ra t ion  Curve of Four-Laver Switch Pressure Transducer. 
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Sil icon needle  pressure t ransducers  have also been fabricated 
and  t e s t ed .  These  t r ansduce r s  u t i l i zed  a ' s i l i con  diaphragm with a 
th ickness  of 2 .5  m i l s .  The diaphragm w a s  clamped  between a rubber 
0 ring and a brass housing. The s i l i con  need le  senso r  was mounted i n  
a mechanical screw and set  in  p l ace  aga ins t  one  s ide  of the diaphragm. 
Electrical  contac t  was made by evaporat ing gold on the s i l icon d i a -  
phragm t o  which one s i d e  o f  the  needle  junc t ion  made contac t .  The 
needle shank was the  o the r  con tac t .  The dc b i a s ing  fo rce  was appl ied  
by pu t t ing  a vacuum on t h e  s i d e  o f  t h e  diaphragm opposite the needle 
and  then  se t t i ng  the  need le  aga ins t  t he  diaphragm by means of  the  
screw. When t h e  vacuum  was released, the diaphragm applied the dc 
b ias   force .  The diameter  of  the  diaphragm was 12 rmn. Figure 4-8 i s  
a p l o t  o f  t he  senso r  cu r ren t  a s  a func t ion  of pressure .  The vol tage  
was he ld  cons tan t  across  the  sensor .  
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Fig .  4 - 8 .  Current in the Reverse  Biased Mode as  a Function of Pressure for 
a S i l i con  Needle Pressure Transducer. 
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Section V 
Read-Out  Circuitry  for  Piezojunction  Sensors 
5.1 Introduction 
Circuitry  used in the  past  for  acquiring  data  from  laboratory 
accelerometers  and  piezojunction  devices  was  devised  specifically  for 
the  purpose  of  evaluating  these  devices  under  laboratory  conditions. 
The  measuring  techniques  were  conventional  and  implemented  conventional 
laboratory  equipment.  The  development  of  accelerometers  and  other 
transducers  has  produced  a  need  for  considering  circuits  which  can  be 
used  to  produce  a  read-out  for  the  devices  in  other  than  laboratory 
applications.  Piezojunction  sensors  are  solid  state  devices  and  hence 
are  compatible  with  microelectronic  techniques  and  devices. 
5.2  Differential  Amplifier 
A simple  differential  amplifier  was  devised  which  produced  a 
0 - 5V dc  output  in  proportion  to  a  stress  input of 5 X lo9 to 
10" dynes/cm  into  a p-n junction  sensor. Two similar  reverse 2 
biased  diodes were used - one  in  each  leg of the  differential  amplifier. 
One  diode  was  the  sensing  element  of  an  accelerometer  and  the  other 
was a reference  element.  The  diodes  formed  a  part  of  a  biasing  net- 
work  for  the  amplifier  stages.  The  zero  point  is  balanced  by  a 
variable  resistor  in  the  reference  stage. A schematic  diagram of the 
amplifier  is  shown  in  Fig. 5-1. 
5.3  Four-Layer  Switch.  Oscillator 
Figure 5-2 is  a  schematic  diagram of a  relaxation  oscillator  in 
which  the  frequency  is  dependent on the  input  acceleration.  The 
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Fig. 5-1.  Accelerometer  Differential  Amplifier. 
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Fig. 5-2. Four-Layer  Switch  Oscillator  Circuit. 
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active element i n  t h e  o s c i l l a t o r  is  a 2N3027 four- layer  switching 
device. The frequency of  osci l la t ion depends on the gate  current  to  
the  device .  An accelerometer is  p l a c e d  i n  s e r i e s . ( s u c h  t h a t  t h e  
acce lera t ion  sens ing .  junc t ion  device  i s  forward biased)  with the gate  
supply.  An inc rease  in  acce le ra t ion  a l lows  a rise i n  g a t e  c u r r e n t  a n d  
r e s u l t s  i n  a n  i n c r e a s e  i n  f r e q u e n c y  o f  o s c i l l a t i o n .  The o s c i l l a t o r  
frequency i s  con t ro l l ed  by t h e  R C time constant and R of  the sensor .  
Figure 5-3 shows two photographs of the output waveform of the circuit, 
(a) with no acceleration and (b) under  accelerat ion.  A change i n  b o t h  
the amplitude and frequency of the waveform can be easily detected 
in   these  photographs.  However, the  change  in  frequency i s  t h e  most 
1 1  
advantageous measure of input acceleration due to the fact that i t  can 
be more eas i ly  t r ansmi t t ed  wi thou t  d i s to r t ion .  
The most c r i t i ca l  disadvantage of the above circuit  has been 
i t s  i n s t a b i l i t y .  
5 - 4  Uni junc t ion  Osc i l la tor  
A s i m i l a r  c i r c u i t ,  shown i n  F i g .  5-4, was designed which u t i l i z e s  
a un i junc t ion  t r ans i s to r  as the  ac t ive  e l emen t  i n  a r e l axa t ion  
o s c i l l a t o r .  The acce le romete r  ac t s  a s  an  acce le ra t ion  sens i t i ve  
r e s i s t o r  i n  t h e  RC t i m i n g  c i r c u i t  o f  t h e  o s c i l l a t o r .  It i s  t h i s  s e r i e s  
RC c i r c u i t  which  determines  the  osci l la tor   f requency.   This   osci l la tor  
is  more s t ab le  wi th  f r equency  than  the  p rev ious  c i r cu i t .  Th i s  i s  
p a r t i a l l y  due t o  t h e  f a c t  t h a t  t h e  f r e q u e n c y  of osc i l la t ion  does  not  
depend d i r ec t ly  on  a switching level  of  the uni junct ion device but  
i s  determined by an external  c i rcui t .  Figure 5-4  is  a schematic of the 
u n i j u n c t i o n  t r a n s i s t o r  c i r c u i t .  
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(a) No Acceleration 
(b) Under Acceleration 
Fig. 5-3. Photographs of Four-Layer  Switch  Oscillator  Waveforms  Under 
Normal  and  Higher-Than-Normal  Accelerations. 
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Fig. 5-4 .  Unijunction  Transistor  Oscillator  Circuit. 
5.5 Summary 
The  circuits  described  above  were  developed  simply  to  determine 
their  feasibility  and  are  by  no  means  optimum.  There  has  been  no 
attempt  made  to  environment  harden  any of the  circuits,  although 
the  differential  amplifier  is  somewhat  inherently  temperature  compensated. 
The  simplicity of the  circuits  reflect  the  lack of difficulty  associated 
with  utilizing  the  piezojunction  accelerometers  in  a  practical 
application.  Probably most significant is the  ease  with  which  a  fre- 
quency  modulated  read-out  is  obtained. 
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Sect ion  V I  
CONCLUSIONS AND RECOMMENDATIONS 
This .study has shown that mechanical stress a p p l i e d  t o  t h e  
junc t ion  area of  p-n  junc t ion  devices  can  cause  la rge  changes  in  the  
electrical c h a r a c t e r i s t i c s  of the  devices .  The underlying mechanism 
has been found t o  b e  a dec rease  in  the  e f f ec t ive  ene rgy  gap o f  t h e  
semiconductor crystal .  Analytical  expressions have been developed for 
t h e  e f f e c t s  o f  stress on t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  d i o d e s ,  
t r a n s i s t o r s ,  and  four-layer  switches.  The p i ezo junc t ion   e f f ec t  showed 
up i n  many ways depending on the device configuration and mode of  
operat ion.  Of t h e  many dev ices  tha t  were s tudied ,  the  s ing le- junc t ion  
diode with stress a p p l i e d  t o  t h e  e n t i r e  j u n c t i o n  area has  emerged as 
one  of  the  bes t  conf igura t ions  for  use  in  t ransducer  appl ica t ions .  
The s i l i con  need le  senso r  was conceived and the techniques for 
fabrication were developed. The needle  sensor  has  the big advantage 
of  no t  requi r ing  a del icate  a l ignment  operat ion between the s t ress ing 
arrangement  and the  junc t ion  to  be  s t r e s sed .  It a l s o  o f f e r s  t h e  
poss ib i l i t y  o f  d ra s t i c  s i ze  r educ t ions  in  senso r s  based  on  the  p i ezo -  
junc t ion  e f f ec t .  One o f  t he  problems assoc ia ted  wi th  the  appl ica t ion  
of  the  needle  sensor  has  been  the  reduct ion  of  the  s ize  of  the  
mechanical configurations so that  they were not  orders  of  magni tude 
grea te r  than  the  sensor  s ize .  
A var i e ty  o f  t r ansduce r s  u t i l i z ing  bo th  the  need le  senso r  and t h e  
indenter poin t  method have been investigated. Many of  these t ransducers  
were f ab r i ca t ed  in  the  l abora to ry  and  eva lua ted .  The r e s u l t s  o f  t h e  
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study have shown t h a t ,  i n  f a c t ,  t h e  p i e z o j u n c t i o n  phenomenon can be 
used as the  sensory  phenomenon in  accelerometers ,  force,  displacement ,  
and pressure t ransducers .  No f ina l i zed  des igns  were made, t h e  o b j e c t  
here  being a s tudy  o f  f eas ib i l i t y  o f  such  dev ices .  
Considerable effort  has been placed on the demonstration of the 
usefu lness  of  the  p iezojunct ion  e f fec t  in  acce lerometers .  The double- 
diaphragm type device w a s  found to  be  the  bes t  conf igu ra t ion  s tud ied  
for  use with the needle  sensor .  These devices showed resonant  f re-  
quencies  grea te r  than  3 KC and are capable of measuring both ac and dc 
accelerat ions.  Laboratory devices  were fabricated with responses  
cover ing  the  range  from + 1 g t o  + 100 g.  - - 
Several techniques were developed for providing a d i g i t a l  o u t p u t  
fo r  t he  p i ezo junc t ion  senso r s .  The most prominent were the four-layer 
o s c i l l a t o r  a n d  t h e  u n i j u n c t i o n  o s c i l l a t o r .  
There s t i l l  remains some quest ions that  need to  be answered in  
t h e  a p p l i c a t i o n  o f  t h e  p i e z o j u n c t i o n  e f f e c t  i n  t r a n s d u c e r s .  One of  
t hese  i s  the  hys t e re s i s  e f f ec t  a s  exh ib i t ed  by the  labora tory  
aceelerometers.   Although  quartz  pressure plates appeared  to   e l iminate  
t h e  e f f e c t ,  i t  remains t o  be proven in  the accelerometers  themselves .  
Another problem tha t  needs  fu r the r  s tudy  i s  t h e  f r a g i l e  n a t u r e  o f  
piezojunct ion  t ransducers .  Methods of  preventing  overstress  and 
breakage of the sensors need to be investigated.  Temperature and long 
term s t a b i l i t y  s t u d i e s  o f  t r a n s d u c e r s  a l s o  need to  be performed i f  t h e  
devices are  to  be appl ied with success  and confidence.  
The l imitat ions that  have been encountered in  applying the piezo-  
j u n c t i o n  e f f e c t  i n  t r a n s d u c e r s  do not  appear  to  be  beyond e l imina t ion  
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in  practical  devices.  The  phenomenon  offers  the  possibility of  a  whole 
new  class of transducers  that are limited  only  by  one's  imagination. 
The  major  attributes of transducers  based on the  piezojunction  effect 
are  small  size,  low  power,  high  sensitivity,  high  resonant  frequency, 
sensitive  to  both  ac  and  dc  stimuli,  and  compatibility  with  micro- 
electronic  circuits  and  techniques. 
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